
 

1 

 

Distorted Pacific-North American Teleconnection at the Last Glacial 1 

Maximum 2 

 3 

Yongyun Hu1*, Yan Xia1, Zhengyu Liu1,2, Yuchen Wang1, Zhengyao Lu1, and Tao Wang3 4 

1Laboratory for Climate and Ocean-Atmosphere Studies, Department of Atmospheric and 5 

Oceanic Sciences, School of Physics, Peking University, Beijing 100871, China 6 

2Atmospheric Science Program, Department of Geography, Ohio State University, Columbus, 7 

OH, 43210, USA 8 

3Nansen-Zhu International Research Centre, Institute of Atmospheric Physics, Chinese Academy 9 

of Sciences, Beijing 100029, China 10 

 11 

 12 

 13 

 14 

 15 

 16 

Corresponding author: Yongyun Hu, email: yyhu@pku.edu.cn 17 

  18 

https://doi.org/10.5194/cp-2019-92
Preprint. Discussion started: 15 August 2019
c© Author(s) 2019. CC BY 4.0 License.



 

2 

 

Abstract  19 

The Pacific-North American (PNA) teleconnection is one of the most important climate 20 

modes in the present climate condition, and it enables climate variations in the tropical Pacific to 21 

exert significant impacts on North America. Here, we show climate simulations that the PNA 22 

teleconnection was largely distorted or broken at the Last Glacial Maximum (LGM). The 23 

distorted PNA is caused by a split of the westerly jet stream, which is ultimately forced by the 24 

thick and large Laurentide ice sheet at the LGM. Changes in the jet stream greatly alter the 25 

extratropical wave guide, distorting wave propagation from the North Pacific to North America. 26 

The distorted PNA suggests that climate variability in the tropical Pacific, notably, El Niño and 27 

Southern Oscillation (ENSO), would have little direct impact on North American climate at the 28 

LGM. 29 
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1 Introduction 42 

The Pacific-Northern-American (PNA) teleconnection is the major atmospheric 43 

teleconnection mode that links climate variations from the tropical Pacific to North America for 44 

the present-day climate state (Horel and Wallace, 1981; Wallace and Gutzler, 1981). Especially, 45 

climate variability associated with El Niño and Southern Oscillation (ENSO) exerts great 46 

impacts on the North American climate through the PNA teleconnection (Henderson and 47 

Robinson, 1994; Lau, 1997; Leathers et al., 1991; Straus and Shukla, 2002). It is well known that 48 

the PNA is largely constrained by extratropical atmospheric flows, notably, the extratropical 49 

wave guide (Held, 1983; Held et al., 2002; Hoskins and Karoly, 1981; Jin and Hoskins, 1995). 50 

Thus, changes in extratropical atmospheric flows should alter the PNA under different climate 51 

conditions.  52 

It has been shown that greenhouse warming leads to a strengthening and a shift of the PNA 53 

due to altered extratropical atmospheric flows (Allan et al., 2014; Chen et al., 2017). There has 54 

also been a large body of works that demonstrated significant differences in extratropical 55 

atmospheric circulations in cold climates, notably, the Last Glacial Maximum (LGM). It was 56 

shown that during the LGM the Aleutian low pressure system was enhanced in winter, the 57 

Pacific high pressure system was weakened in summer (Yanase and Abe-Ouchi, 2007; Yanase 58 

and Abe-Ouchi, 2010), the westerly jet shifted southward (Braconnot et al., 2007; Otto-Bliesner 59 

et al., 2006), and transient waves were weakened over the North Pacific and strengthened over 60 

the North Atlantic (Justino and Peltier, 2005; Justino et al., 2005). These works suggest that the 61 

PNA could be changed for different climate regimes. Therefore, a natural question is whether the 62 

PNA is also significantly altered due to atmospheric circulation changes at the LGM.  63 
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The LGM occurred between 23,000 and 19,000 years ago (Clark et al., 2009; Clark and 64 

Mix, 2002). One of the most significant climatic characteristics at LGM is the maximum 65 

expansion of mid-latitude ice sheets. Extensive ice sheets grew over North America and 66 

northwestern Europe, with the Laurentide ice sheet over North America, in particular, of an ice 67 

thickness of 3 to 4 kilometers (Marshall et al., 2002). Early simulations have shown that the thick 68 

and large Laurentide ice sheet forced a split of the extratropical westerly jet stream into the 69 

northern and southern branches (Cohmap, 1988; Kutzbach and Wright, 1985; Rind, 1987), and 70 

that the jet split leads to regional climate changes over the globe, especially over North America.  71 

Proxy records showed that there were more storms and precipitation associated with the southern 72 

branch, causing high lake levels and increased woodlands in the southwestern United States 73 

(Cohmap, 1988; Kutzbach and Wright, 1985).  74 

Recent modeling studies showed that the Arctic Oscillation and storm tracks at LGM 75 

differ significantly from the present (Justino and Peltier, 2005; Laîné et al., 2009; Li and Battisti, 76 

2008; Lü et al., 2010; Rivière et al., 2010), and that the Laurentide ice sheet can also influence 77 

the Southern-Hemisphere atmospheric teleconnection and climate variability over West 78 

Antarctic (Jones et al., 2018). Therefore, it is possible that changed atmospheric circulations at 79 

LGM might also significantly alter the PNA and thus climate linkage between the tropical 80 

Pacific and North America.  81 

In the present paper, using climate simulation results, we show that the PNA is largely 82 

distorted or even broken by the Laurentide ice sheet at LGM, and that ENSO had little direct 83 

impact on North American climates. We will also address how the PNA is altered by the 84 

Laurentide ice sheet.  85 

2 Models and data 86 
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The simulation results from the Paleoclimate Modeling Intercomparison Project 2 (PMIP2) 87 

(Braconnot et al., 2012; Braconnot et al., 2007) and 3 (PMIP3) (Abe-Ouchi et al., 2015) are 88 

utilized in this study.  By comparing the PNA patterns in the Preindustrial condition (PIC) with 89 

LGM simulations as well as our own sensitivity simulations, the changes in the PNA pattern at 90 

LGM are identified. For comparison, we also use the NCEP/NCAR reanalysis data (Kistler et al., 91 

2001). We shall mainly focus on the simulation results from the Community Climate System 92 

Model version 3 (CCSM3) (Collins et al., 2006; Jones et al., 2018; Otto-Bliesner et al., 2006; 93 

Yeager et al., 2006), since our sensitivity simulations are performed with the same model.  94 

To understand the impact of the topography of the Northern-Hemisphere glacial ice sheets 95 

on the PNA, we performed a series of sensitivity simulations with different ice sheet thicknesses, 96 

which are 0%, 20%, 40%, 60%, 80%, 100%, and 150% of the ice sheet thickness that was used 97 

in PMIP2. Here, the case of 0% ice sheet thickness means that the thickness of the ice sheet is set 98 

to zero, but the surface albedo remains ice albedo. All other conditions remain the same as that in 99 

the LGM simulations of PMIP2. The model for the sensitivity simulations is a lower-resolution 100 

version of CCSM3 (T31), which differs from that used in PMIP2 (T42). All analyses are 101 

conducted with monthly-mean model outputs of the last 30-year simulations.  102 

Following Horel and Wallace (1981) and Wallace and Gutzler (1981), the PNA 103 

teleconnection is characterized by the pointwise correlation method. The four base points that 104 

represent the centers of action are located near Hawaii (20 °N, 160 °W), North Pacific (45 °N, 105 

165 °W), Alberta (55 °N, 115 °W), and the Gulf Coast (30 °N, 85 °W), respectively. The four 106 

base points were objectively derived with teleconnectivity analysis (Sherriff-Tadano and Itoh, 107 

2013; Wallace and Gutzler, 1981). To examine whether models can reasonably simulate the 108 

PNA in PIC simulations and whether the PNA pathway is altered in LGM simulations, we 109 
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loosely define a circular region around each of the centers of North Pacific, North America and 110 

the Gulf Coast (the base point is near Hawaii), with a radius of 10 degrees. For PIC simulations, 111 

if a model cannot generate statistically significant correlations (coefficients greater than 0.35) 112 

within the circular regions, the model is considered to have poor performance in simulating 113 

PNA. For these models with good performance in simulating PNA their PIC simulations, if their 114 

LGM simulations shows absence of significant correlations in the three circular regions, the PNA 115 

pathway is considered to be distorted or broken at LGM. Because the PNA is most active in DJF, 116 

our analysis below will mainly focus on the December-January-February (DJF) season. 117 

3 Results 118 

Fig. 1 shows one-point correlation maps of 500 hPa geopotential heights in DJF, with the 119 

base point near Hawaii. The correlation maps in Figs. 1a and 1b exhibit similar wave-train 120 

patterns, with centers of positive and negative correlations extending from Hawaii to North 121 

Pacific, Alberta, and finally to the Gulf Coast, respectively. Hence, the present-day PNA is 122 

reproduced reasonably well in CCSM3. In contrast, this PNA pattern is altered dramatically in 123 

the LGM simulation of CCSM3 (Fig. 1c). The negative correlation over North Pacific is reduced, 124 

and the center of positive correlation is rather weak and shifted to the Arctic. The most striking 125 

feature in Fig. 1c is that the center of negative correlation near the Gulf Coast completely 126 

disappears. The results in Fig. 1 indicate that the PNA teleconnection is largely distorted at 127 

LGM. This is the most important point of the present paper.   128 
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 129 

Fig. 1. One-point correlation maps of 500 hPa geopotential heights in DJF in NCEP/NCAR 130 

reanalysis and PMIP2 CCSM3 simulations. (a) NCEP/NCAR, (b) PIC, and (c) LGM. The base 131 

point is near Hawaii. The correlation coefficient of 0.35 corresponds to the 95% confidence level 132 

for 30-year correlations.  133 

This distorted PNA at LGM can also be seen from correlation maps for the other three base 134 

points. When the base point is located over North Pacific (Fig. S1c), the center of positive 135 

correlation over North America is shifted to northern Canada. For the base point over North 136 

America (Fig. S1f), the negative correlations over North Pacific and the Gulf Coast are all 137 

largely reduced, and the center of positive correlation near Hawaii disappears. This result 138 

indicates a disconnection between North America and the tropical Pacific. For the base point 139 

near the Gulf Coast (Fig. S1i), a wave train is established from North Pacific to the Gulf Coast, 140 

while the center of positive correlation over North America is largely reduced, and the center of 141 

positive correlation near Hawaii is absent.  142 

The PNA teleconnection at LGM is even completely broken in other PMIP2 models. There 143 

are seven PMIP2 models that have simulations available online. According to our definition, 144 

CCSM3, ECBILTCLIO, HadCM3M2, and CNRM-CM33 can reasonably reproduce the PNA in 145 

their PIC simulations (Fig. 1b and Figs. S2a-c), whereas IPSL-CM4-V1-MR, FGOALS-1.0g, 146 
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and MIROC3.2 have poor performance. In LGM simulations, the center of negative correlation 147 

over North Pacific still exists in ECBILTCLIO, HadCM3M2, and CNRM-CM33 (Figs. S2d-f), 148 

although they all shift away from the North Pacific base point and are largely reduced. However, 149 

the center of positive correlation over North America completely disappears in these plots. 150 

Moreover, the center of negative correlation near the Gulf Coast also disappears in the three 151 

models.  152 

PMIP3 simulations are also used to demonstrate the changes in the PNA teleconnection at 153 

LGM. There are eight PMIP3 models that have LGM simulations available online. Again, 154 

according to our definition, CCSM4, MRI-CGCM3, and MIROC-ESM can reasonably reproduce 155 

the PNA in their PIC simulations (Figs. S3a-c). The LGM simulations of CCSM4 and MRI-156 

CGCM3 show the absence of the center of positive correlation over North America (Figs. S3d 157 

and e). The center of positive correlation in MIROC-ESM is weak and biased toward the Arctic 158 

(Fig. S3f). The center of negative correlation near the Gulf Coast is absent in MRI-CGCM3 and 159 

MIROC-ESM. Although there is a negative center in CCSM4 (Fig. S3d), it is more like a result 160 

of the subtropical wave train, rather than a part of PNA. Thus, the LGM simulations in PMIP3 161 

models demonstrate that the PNA is either distorted or completely broken.  162 

Fig. 2 illustrates PNA responses to different ice sheet thicknesses in sensitivity simulations. 163 

The PNA pattern remains for ice sheet thicknesses no more than 60% of that in PMIP2 (Figs. 2a-164 

d). In contrast, the PNA is distorted as ice sheet thickness is increased to 80%. The center of 165 

positive correlation is shifted to the Arctic, and the center of negative correlation near the Gulf 166 

Coast disappears (Fig. 2e). As ice sheet thickness is further increased to 100 % and 150% (Figs. 167 

2f-g), the center of positive correlation over North America disappears. Again, the center of 168 

negative correlation is more like a part of the subtropical wave train. These results of sensitivity 169 
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simulations suggest that the PNA is distorted or even broken as the Laurentide ice sheet is 170 

sufficiently thick.  171 

 172 

Fig. 2. One-point correlation maps of 500 hPa geopotential heights in DJF in sensitivity 173 

simulations, with different ice sheet thicknesses. The base point is near Hawaii. (a) 0%, (b) 20%. 174 

(c) 40%, (d) 60%, (e) 80%, (f) 100%, (g) 150%, and (h) PIC. The correlation coefficient of 0.35 175 

corresponds to the 95% confidence level for 30-year correlations. 176 

 Fig. 3 summarizes correlation coefficients around the four base points for PMIP2, 177 

PMIP3, and our sensitivity simulations, according to our definition above.  In Fig. 3a, both 178 

CCSM3 and CCSM4 show statistically significant correlations at all the four points in the PIC 179 

simulations. In contrast, they all demonstrate insignificant correlations near Alberta in LGM 180 

simulations. The significant correlation of CCSM4 LGM simulation near the Gulf coast is a 181 

result of subtropical wave train (Fig. S3d), as mentioned above. In Fig. 3b, the correlation 182 

coefficient near Alberta becomes less significant as ice sheet thickness reaches 80%. Correlation 183 

coefficients at the Gulf coast are insignificant for 80% and 150% ice sheet thickness. The 184 
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significant correlation for 100% ice sheet thickness is a result of subtropical wave train, as shown 185 

in Fig. 2f.  186 

 187 

Fig. 3. Correlation coefficients at the four PNA action centers in PIC and LGM simulations for 188 

PMIP2 and PMIP3 models, with the base point near Hawaii. The negative values over Alberta and 189 

the Gulf Coast are reversed to positive. The dashed lines correspond to 0.35, which represent the 190 

95% confidence level. (a) CCSM3 and CCSM4, (b) sensitivity simulations, (c) PIC simulations of 191 

PMIP2 models, (d) PIC simulations of PMIP3 models, (e) comparison of LGM with PIC 192 
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simulations for PMIP2 good performance models, and (f) comparison of LGM with PIC 193 

simulations for PMIP3 good performance models. 194 

 195 

Figs. 3c and d shows that most PMIP2 and PMIP3 models are able to reproduce the 196 

center of negative correlations over the North Pacific in their PIC simulations, except for 197 

FGOAL-1.0g, IPSL-CN4-V1-MR, and MIROC3.2. FGOAL-1.0g that generates insignificant 198 

correlations at either North Pacific or Alberta. CNRM-CM33 and MIROC3.2 cannot generate 199 

significant correlations near the Gulf coast. Fig. 3d shows that CCSM4, MRI-CGCM3, and 200 

MIROC-ESM are able to reproduce significant correlations at all four points in their PIC 201 

simulations, whereas the other 5 models have insignificant correlations at either Albert or the 202 

Gulf Coast. Figs. 3e and f show that PMIP2 and PMIP3 models, which have good performance 203 

in simulating the PNA teleconnection in PIC simulations, all cannot reproduce significant 204 

positive correlations at Alberta or even negative correlations near the Gulf coast. These results 205 

all suggest that the PNA was distorted or broken at LGM. 206 

Because the PNA pattern is characterized by a quasi-stationary wave train from the 207 

tropical Pacific to North America, the above simulation results suggest that the PNA wave-train 208 

propagation is largely altered at LGM. This can be confirmed by activity fluxes of stationary 209 

waves (Fig. 4), which represents the propagation direction of stationary waves (Plumb, 1985). At 210 

present, the wave activity fluxes have two branches for wave propagation from the North Pacific 211 

toward North America (Fig. 4a). The major branch propagates northeastward, forming the PNA 212 

teleconnection, while the minor branch propagates southeastward. At LGM, however, wave 213 

propagation is altered drastically. Wave propagation is deflected toward the subtropics (Figs. 4b 214 

and c). This is consistent with the correlation map in Fig. S1i that shows a wave train from North 215 
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Pacific to the Gulf Coast. Therefore, the distorted or broken PNA at LGM is mainly due to the 216 

deflection of wave propagation toward the southeast.  217 

 218 

Fig. 4. Stationary wave activity fluxes in PMIP2 CCSM3 simulations at 500 hPa. (a) PIC, (b) 219 

LGM, and (c) LGM – PIC. Length scales of wave activity vectors are marked in plots. Wave 220 

activity vectors are plotted as their length scales are greater than 12 m2 s-2 in plots (a) and (b) and 221 

6.5 m2 s-2 in plot (c). Here, stationary wave activity fluxes are calculated with monthly-mean 222 

data. 223 

 Wave propagation is oriented by the extratropical wave guide, which in turn is 224 

determined by extratropical zonal flows (Hoskins and Karoly, 1981; Jin and Hoskins, 1995). 225 

Therefore, the deflection of stationary wave propagation at LGM is caused due to changes in 226 

extratropical zonal flows. A comparison of zonal winds between PIC and LGM simulations 227 

shows several major differences (Figs. 5a vs. 5b). First, the zonal jet stream is much stronger at 228 

LGM than at present. Second, the jet is shifted equatorward at LGM, and the jet is turned 229 

southeastward as it approaches the North American continent, in contrast to the northeast 230 

orientation at present. Third, similar to that in early studies (Cohmap, 1988; Kutzbach and 231 

Wright, 1985; Rind, 1987), the jet splits over North America with the much stronger branch 232 

located in the subtropics, leaving the much weaker branch over northern Canada. These features 233 

can be seen more clearly in differences of zonal winds between LGM and PIC simulations (Fig. 234 

5c).  235 
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 236 

Fig. 5. Maps of 500 hPa zonal winds in DJF in PMIP2 CCSM3 simulations. (a) PIC, (b) LGM, 237 

and (c) LGM – PIC. Color interval: 5 m s-1. 238 

 239 

Differences of zonal winds over North American can also be illustrated with the vertical 240 

cross-sections along 100 °W (Fig. 6). The single subtropical westerly jet in the PIC simulation 241 

(Fig. 6b) is split into two jets at LGM (Fig. 6c): a subtropical jet at 30 °N and 200 hPa, and a 242 

subpolar jet at 63 °N and between 400 and 300 hPa. The subtropical jet is intensified to a 243 

maximum wind speed of 40 m s-1 and is located at a lower latitude, and it is much stronger than 244 

that in the PIC simulation (~ 30 m s-1). The subpolar jet is much weaker, with a maximum speed 245 

of about 12 m s-1. The differences in zonal winds are associated with different thermal structures 246 

between LGM and PIC simulations. Comparison of Figs. 6f with 6e shows that latitudinal 247 

temperature gradients in the subtropics are sharper at LGM than at present. Thus, the stronger 248 

subtropical jet is associated with the sharper temperature gradient.  249 
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 250 

Fig. 6. Vertical cross sections of DJF zonal winds and air temperatures along the longitude of 251 

100 °W in the NCEP/NCAR reanalysis and PMIP2 CCSM3 simulations. Top panels: zonal winds, 252 

and bottom panels: air temperatures. Left panels: NCEP/NCAR, middle panels: PIC, and right 253 

panels: LGM. Zonal-wind unit is ms-1, and temperature unit is K. 254 

 255 

The jet split and the equatorward shift of the major jet branch are caused by the orographic 256 

forcing of the large and thick Laurentide ice sheet. Fig. S4 shows how the westerly jet responds 257 

to the ice sheet thickness in the sensitivity simulations. In the case with 0% ice sheet thickness, 258 

there is only a single jet in the subtropics (Fig. S4a), almost the same as that in the PIC 259 

simulation. As ice sheet thickness is increased, the jet is strengthened and shows equatorward 260 

shift. Significant jet split occurs as ice sheet thickness reaches 80% (Fig. S4e). It is why the 261 

distortion of the PNA occurs as ice sheet thickness reaches 80%. As the ice sheet thickness is 262 

increased to 100% and 150%, the jet split becomes more significant, and easterly winds begin to 263 

develop over the ice sheet.  264 
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Note that the orographic forcing is further reinforced by the thermal forcing of the large ice 265 

sheet (Liakka, 2012). The high albedo of the ice sheet causes cold air aloft, resulting in sharper 266 

latitudinal temperature gradients in the subtropics at LGM. Thus, this enhanced temperature 267 

gradient causes a stronger subtropical jet through the thermal wind relation. Our sensitivity 268 

simulations also show that subtropical temperature gradients become sharper with increasing ice 269 

sheet thicknesses.  270 

The split of the westerly jet act as wave guides to orient wave propagation, as shown in Fig. 271 

4. The major path of wave propagation is associated with the major jet branch. Both Figs. S1c 272 

and S1i all show that a southern wave train is established along the southern jet branch from 273 

North Pacific sweeping across the southern US. This wave train would lead to more storms and 274 

precipitation in the American Southwest, consistent with proxy records and previous modeling 275 

studies (Cohmap, 1988). The minor path of wave propagation toward the Arctic is along with the 276 

northern branch (Fig. 1c), but of a much reduced strength. As such, a southern wave guide is 277 

established along the subtropical jet, while the northern wave guide is either distorted toward the 278 

Arctic or completely broken. 279 

Our sensitivity simulations demonstrate dramatic changes in the PNA wave train between 280 

80% and 100% ice sheet thicknesses (Fig. 2e vs. Fig. 2f). The dramatic changes are associated 281 

with the occurrence of easterly winds over the Laurentide ice sheet. For the case of 80% ice sheet 282 

thickness, westerly winds remain between the two jet streams. In contrast, easterly winds appear 283 

over the ice sheet as the ice sheet thickness is increased to 100%. The zero-wind line between 284 

easterly and westerly winds acts as the critical layer to reflect stationary waves (Held, 1983). 285 

This can be addressed with calculations of stationary wavenumbers (Fig. 7). The orange-red 286 

shading indicates the areas where stationary waves can propagate, while the shallow-blue 287 
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shading indicates the areas with imaginary wavenumbers, in which propagation of stationary 288 

waves is prohibited. These shallow-blue areas are associated with the easterly winds. When the 289 

ice sheet thickness is 60% (Fig. 7a), North Pacific and North America are dominated with 290 

positive wavenumbers, and the PNA remains. For 80% ice sheet thickness, imaginary 291 

wavenumbers occur in Northeast Pacific and North America (Fig. 7b), and it forces the PNA 292 

wave train distorted toward the Arctic. For 100% ice sheet thickness, the subpolar region is 293 

dominated with imaginary wavenumbers (Fig. 7c). It causes stationary waves reflected 294 

southeastward, leading to the establishment of the southern wave train and the breaking up of the 295 

northern wave train.   296 

 297 

Fig. 7. Distributions of stationary wavenumbers for different ice sheet thicknesses in sensitivity 298 

simulations in DJF. (a) 60%, (b) 80%, and (c) 100%. Color interval is 0.2x10-7 m-1. The shallow-299 

blue areas have imaginary wavenumbers. 300 

 301 

The occurrence of easterly winds can be further illustrated with the geopotential heights at 302 

500 hPa (Fig. 8). In both NCEP/NCAR reanalysis and the PIC simulation, there is only a weak 303 

ridge along the west coast of North America (Figs. 8a and b). In contrast, the ridge at LGM is 304 

largely enhanced and shows northwestern tilting (Fig. 8c). It is this strong ridge that leads to 305 

https://doi.org/10.5194/cp-2019-92
Preprint. Discussion started: 15 August 2019
c© Author(s) 2019. CC BY 4.0 License.



 

17 

 

altered zonal flows. The major branch moves equatorward, and the minor branch flows around 306 

the ridge northward, resulting in the formation of easterly winds over the ice sheet and North 307 

Pacific. It also can be seen in the sensitivity simulations that the west-coast ridge increases with 308 

increasing ice sheet thickness (Fig. S5).  309 

 310 

Fig. 8. Climatological mean 500 hPa geopotential heights in DJF in NCEP/NCAR reanalysis and 311 

PMIP2 CCSM3 simulations. (a) NCEP/NCAR, (b) PIC, and (c) LGM. The unit is meter. 312 

 313 

 The distorted or broken PNA teleconnection at LGM suggests a disconnection of climate 314 

variability from the tropical Pacific to the North American continent, such that ENSO would 315 

have little direct influence on North American climates. Fig. 9 shows regression maps of surface 316 

air temperatures (SATs) on the Nino3.4 index in DJF. At present, the remote ENSO impacts on 317 

North American SATs through the PNA teleconnection can be identified clearly (Figs. 9a and 318 

9b), which is characterized by an anomalously warm climate over the northwestern North 319 

America and an anomalously cold climate over the southeastern United State. However, there are 320 

no significant regressions of SATs over North America at LGM (Fig. 9c), except for the positive 321 

values near the east coast.  322 
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 323 

Fig. 9. DJF SAT regressions on the Nino3.4 index in NCEP/NCAR reanalysis and PMIP2 324 

CCSM3 simulations. (a) NCEP/NCAR reanalysis, (b) PIC, and (c) LGM. The regression value 325 

of 0.21 corresponds to the 95% confidence level for 30-year regressions.  326 

 327 

At present, ENSO also has important influences on North American precipitation. Similar 328 

features can also be seen from regression maps of precipitation (Fig. 10). Fig. 10a shows 329 

precipitation regression on the Nino3.4 index in the PIC simulation. The wave train pattern of 330 

precipitation is clearly shown in the plot. However, the wave train of precipitation is absent in 331 

the LGM simulations (Fig. 10b).  332 

 333 

Fig. 10. Precipitation regressions on the Nino3.4 index in the CCSM4 PMIP3 simulations. (a) PIC, 334 

and (b) LGM. Dotted areas indicate significant regressions for the 95% confidence level for 30-335 

year regressions. 336 
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 337 

4 Conclusions and Discussions 338 

We have showed in climate simulations that the large and thick Laurentide ice sheet at 339 

LGM forced jet split and the formation of easterly winds over North America. It consequently 340 

causes altered wave guides and distorted or broken PNA. This result suggests that ENSO would 341 

not have little direct influence on North American climates at LGM. Our study provides a 342 

dynamic framework to understand the PNA teleconnection not only at LGM but also in other 343 

glacial periods. This understanding may help us interpreting proxy records in the past. For 344 

example, a previous study on varve record in New England linked the change of the intensity of 345 

interannual variability in the northeastern US during the early glacial period to the change of 346 

ENSO intensity (Rittenour et al., 2000). Our study suggests that this interannual variability is 347 

unlikely to be caused by the climate variability from the tropical Pacific, because of the distorted 348 

or broken PNA teleconnection; instead, it reflects mainly the change of local climate variability 349 

(Liu et al., 2014). Much further work is needed in developing proxy records of high temporal 350 

resolutions to identify the PNA change in paleoclimate records.  351 
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