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Abstract 17 

 18 

The Northern Annular Mode (NAM) and its regional expression, the North Atlantic 19 

Oscillation (NAO) are the primary interannual oscillatory systems in the Northern 20 

Hemisphere. In the modern climate, NAM has been linked with a number of weather 21 

extremes, including large terrestrial temperature increases and extreme snowfalls. 22 

Its connection to climate is more controversial, although a change in its behaviour 23 

between 1970 and 2000 coincided with rapid temperature increases in the Northern 24 

Hemisphere. The North Atlantic and Nordic Seas are a key component in Pliocene 25 

climate, showing the largest increases from modern sea surface temperature. To 26 

understand these changes and the ability of climate models to reproduce them, we 27 

must consider simulations of the NAM. Here we show that existing mid-Pliocene 28 

simulations exhibit large changes to the mean state and variability in the North 29 

Atlantic and a significant dampening of the NAO. Through sensitivity experiments  30 
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this change is primarily attributed to the impact of the lowering of the Rocky 31 

Mountains. As the timing of Rocky Mountains uplift is still disputed, simulations of the 32 

North Atlantic region contain significant uncertainty, particularly relating to 33 

interannual variability and its climate feedbacks. New high temporal resolution 34 

climate proxy data is required to test these model reconstructions. Here we report 35 

new annual resolution data and an analysis of climate variability from fossil tree-rings. 36 

These fossils, from sites in the Canadian Arctic, provide support for a strong North 37 

Atlantic Oscillation during the Pliocene. 38 

 39 

Keywords: Pliocene, Northern Annular Mode, Arctic Oscillation, North Atlantic 40 

Oscillation, climate model, tree-ring 41 

 42 

1. Introduction 43 

 44 

Interannual climate variability is dominated by a few persistent atmospheric 45 

modes of oscillation. The dominant feature in the Northern Hemisphere is the 46 

Northern Annular Mode (NAM) or Arctic Oscillation (AO). This phenomenon is best 47 

expressed by the contrasting winter mean sea level pressure (mslp) anomalies over 48 

the high Arctic and subpolar regions (Thompson and Wallace, 1998). While the 49 

overall shape of the NAM is essentially zonally symmetric (Hurrell and Deser, 2009), 50 

regional modification by asymmetric forcings, such as topography and land-ocean 51 

temperature contrasts (Thompson et al., 2003; Hurrell and Deser, 2009) promote two 52 

main centres of action, over the North Pacific and the North Atlantic (Thompson and 53 

Wallace, 1998). In the modern climate, the NAM is most strongly expressed in the 54 

North Atlantic Oscillation (NAO), which was first documented by the relative 55 

strengths and locations of the Icelandic Low and Azores High pressure systems 56 

(Hurrell, 1995). The strength of these systems varies on all timescales in which 57 

observations have been compiled, from days to decades (Hurrell and Dickson, 2004). 58 

The coupling between changes in climate and the NAM has yet to be clearly 59 

established (e.g. Gladstone et al., 2005). However, the NAM has a well documented 60 

impact on climate, particularly at the regional scale (e.g. Hurrell and Dickson, 2004). 61 

A general shift towards positive NAM in the 1970s is associated with terrestrial 62 
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warming over northern Eurasia (Thompson et al. 2000; Rodwell, 2003) and warming 63 

in North Atlantic sea surface temperatures (Lozier et al. 2008), while some of the 64 

coldest Eurasian winters on record have been partially attributed to the negative 65 

phase of the NAM, especially 1962/1963 (Hirschi and Sinha, 2007) and 2009/2010 66 

(Bissolli et al., 2010). 67 

 NAM variability could change when examining warm climates in either the 68 

past or the future. Increased temperatures will increase the energy in the climate 69 

system, potentially impacting weather systems and climate oscillations. The NAM 70 

could also respond to changes in the land surface, for example melting ice, mountain 71 

uplift or changes in the atmospheric interaction with the land. If the NAM changes 72 

significantly then the potential linkages to important climate feedbacks are large. As 73 

it primarily impacts the dominant pressure systems in the Northern Hemisphere, 74 

changes in the NAM would affect the dominant wind fields and storm tracks. This is 75 

particularly important in the North Atlantic region, where the Gulf Stream and North 76 

Atlantic Drift system are partially driven by these westerly winds and transport large 77 

amounts of heat northwards. 78 

The response of the NAM in models of future climate change seems to be 79 

consistent in sign, although variable in magnitude (Rauthe et al., 2004). Some 80 

models show a significant shift towards positive NAM, while others show little trend 81 

(Miller et al., 2006). Overall, the IPCC multi-model averages show a dampened NAM, 82 

with no trend in the observed period, followed by a 1.5hPa trend towards positive 83 

values over the 21st century (Meehl et al., 2007). HadCM3, the model used in this 84 

study, produces one of the best simulations of NAM when compared to observations 85 

and exhibits a sensitivity to future climate change close to the multi-model average 86 

(Osborn, 2004). The North Atlantic Oscillation in HadCM3 shows a bias towards the 87 

central Atlantic, away from Western Europe. In common with all the other models 88 

examined by Osborn (2004), the Pacific expression is stronger than observations, 89 

although these are much more limited in the North Pacific. 90 

Previous palaeoclimate applications show very different responses to climate 91 

change between models (Gladstone et al., 2005; Lü et al., 2010), although this has 92 

only been tested in the colder than modern climates of the Last Glacial Maximum 93 

(LGM) and for the small orbital perturbation of the mid-Holocene. As a well studied 94 

warm period of the past, the mid-Pliocene (~ 3 million years ago) provides a 95 
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potentially more relevant test. It is the last period of Earth history with increased 96 

atmospheric CO2 concentrations and global mean temperatures and relatively small 97 

changes in the Earth System. However, there are some changes in the 98 

palaeoenvironmental boundary conditions, notably orography, ice sheets and 99 

vegetation (Lunt et al., 2010), that could complicate NAM response. 100 

Furthermore, fossil trees from around the Arctic (Matthews and Ovenden, 101 

1990; Hill et al., 2007; Csank et al., 2011) provide a potential for unprecedented 102 

interannual records of Pliocene climate, which could record the NAM. The annual 103 

growth rings of fossil trees and their isotopic composition have been previously used 104 

in a number of studies reconstructing past NAM and NAO (Cullen et al., 2001; Cook 105 

et al., 2002; D’Arrigo et al. 2003a,b; Welker et al., 2005; Reynolds-Henne et al., 2007; 106 

Trouet et al., 2009). With fossils from throughout the Pliocene being located in some 107 

of the areas where the NAM is most keenly expressed in the climate, and also in 108 

some of the best conditions for preservation, they might be expected to contain an 109 

archive of Pliocene NAM and Arctic climate variability. As such they are an ideal 110 

candidate for testing the model simulations presented here. 111 

 112 

2. Methods 113 

 114 

2.1 Model Description 115 

 116 

HadCM3, the UK Met Office’s coupled atmosphere-ocean General Circulation 117 

Model (GCM), was used for each of the model simulations in this study (Gordon et 118 

al., 2000). The atmosphere model runs on a global 73  96 grid, giving a horizontal 119 

resolution of 2.5° in latitude and 3.75° in longitude, with 19 vertical layers in the 120 

atmosphere and a time step of 30 minutes (Pope et al., 2000). It includes a radiation 121 

scheme that represents the effects of minor trace gases (Edwards and Slingo, 1996) 122 

and a parameterized background aerosol climatology (Cusack et al., 1998). The 123 

model uses the convection scheme of Gregory et al. (1997) and the land-surface 124 

scheme of Cox et al. (1999). The ocean component is a 1.25°  1.25º resolution, 20 125 

level version of the Cox (1984) ocean model. There are six ocean grid boxes for 126 

each atmospheric grid box, with ocean-atmosphere coupling every model day. The 127 
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mixing of tracers is performed by the Visbeck et al. (1997) parameterisation of the 128 

horizontal eddy mixing and a hybrid K-Theory scheme and Kraus-Turner mixed layer 129 

sub-model (Kraus and Turner, 1967) parameterization of near surface vertical mixing. 130 

Modifications are applied in the North Atlantic, to the overflow from the Nordic Seas, 131 

and the Mediterranean Sea, where the outflow through the Gibraltar Strait is 132 

parameterized (Gordon et al., 2000). The sea-ice model is a simple thermodynamic 133 

scheme, with parameterized ice drift and sea-ice leads (Cattle and Crossley, 1995). 134 

 135 

2.2 Model Boundary Conditions 136 

 137 

This study requires two different sets of model boundary conditions, a pre-138 

industrial and a mid-Pliocene set. Pre-industrial topography (Fig. 1a) and ice-cover 139 

(Fig. 1c) are derived from the US Navy data sets (Jasperson et al., 1990) and 140 

vegetation from W&HS85 (Wilson and Henderson-Sellers, 1985) land cover scheme. 141 

Atmospheric trace gases are set to pre-industrial levels of 280 ppmv of CO2 and 760 142 

ppbv of methane. 143 

Mid-Pliocene boundary conditions come from the PRISM2 144 

palaeoenvironmental reconstruction (Dowsett et al., 1999). The PRISM (Pliocene 145 

Research, Interpretation and Synoptic Mapping) reconstruction represents the mid-146 

Pliocene warm period (also known as the mid-Piacenzian warm period), which lies 147 

between the transition of oxygen isotope stages M2/M1 and G21/G20, 148 

corresponding to 3.29 – 2.97 Ma on the Berggren et al. (1995) geomagnetic polarity 149 

time scale (or 3.264 – 3.025 Ma on the LR04 (Lisiecki and Raymo, 2005) timescale). 150 

It includes reconstructions of sea surface temperature, sea-ice (neither of which are 151 

used in this coupled ocean-atmosphere model study), topography, ice sheets and 152 

vegetation. Atmospheric CO2 is set to 400 ppmv, as suggested by a number of 153 

different proxies (Küschner et al., 1996; Raymo et al., 1996; Pagani et al., 2009; Seki 154 

et al., 2010), while all other parameters are kept at pre-industrial values.  155 

While Pliocene topography is largely unchanged from today, the PRISM2 156 

reconstruction includes a 50% reduction in the height of the Rockies, an increase of 157 

500m in the East African rift system (Fig. 1b). PRISM2 ice sheets were based largely 158 

on sea-level records, with a 50% reduction in Greenland ice volumes and a 33% 159 
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reduction in Antarctic ice (Fig. 1d). Sea level is reconstructed at 25m above modern, 160 

based on a number of sea level records, each with significant uncertainty, but with 161 

best estimates in agreement (Dowsett and Cronin, 1990; Wardlaw and Quinn, 1991; 162 

Kennett and Hodell, 1993 cf. Dwyer and Chandler, 2009; Naish and Wilson, 2009). 163 

Vegetation is based on Pliocene data from 74 sites distributed across the globe. 164 

Each global land grid point was assigned to one of seven biome classifications, from 165 

ice, tundra, coniferous forest, deciduous forest, grassland, rainforest and desert (Fig. 166 

1f). In regions were no Pliocene data was available modern vegetation distribution 167 

was used (Thompson and Fleming, 1996). 168 

 169 

2.3 Experimental design 170 

 171 

This study includes three different experiments, incorporating ten different 172 

HadCM3 simulations (Table 1). Firstly, there are two standard simulations, one for 173 

the pre-industrial climate, using the standard HadCM3 pre-industrial boundary 174 

conditions (PREIND), and one mid-Pliocene simulation (PRISM2), using the PRISM2 175 

boundary conditions (Haywood and Valdes, 2004). Secondly, there is a series of four 176 

perturbed pre-industrial simulations, PREINDPLIO_VEG, PREINDPLIO_IS, 177 

PREINDPLIO_OROG and PREINDPLIO_CO2. Each of these simulations uses the standard 178 

pre-industrial boundary conditions, but with one boundary condition, from vegetation, 179 

ice sheets, orography and CO2, perturbed to its mid-Pliocene state. Similarly, there is 180 

a series of four perturbed mid-Pliocene simulations, PLIOPREIND_VEG, PLIOPREIND_IS, 181 

PLIOPREIND_OROG and PLIOPREIND_CO2, each with one of the boundary conditions in a 182 

pre-industrial state (Table 1). 183 

 Each of the perturbed boundary condition simulations was initialised from an 184 

existing mid-Pliocene or pre-industrial HadCM3 experiment, which have been 185 

running alongside each other for 900 model years, over a number of different high 186 

performance computing platforms (Lunt et al., 2008). Each perturbation simulation 187 

was then run for a further 200 years using the new boundary conditions, with the 188 

final 30 years of the simulation used for climate averaging and analysis. The 189 

standard pre-industrial and mid-Pliocene simulations have both been extended by a 190 

further 200 years, to allow for a direct comparison with the perturbation simulations. 191 
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 192 

2.4 NAM analysis 193 

 194 

The NAM is defined as the first Empirical Orthogonal Function (EOF) of 195 

Northern Hemisphere winter mean sea level pressure (mslp) above 20°N (Thompson 196 

and Wallace, 1998). AO indices, generated from Principal Component Analysis (PCA) 197 

of mean winter sea level pressure, have been widely used to provide an index of the 198 

NAM (Thompson and Wallace, 1998). 199 

The NAO, the Atlantic expression of the NAM, was originally characterised by 200 

long atmospheric pressure records from Stykkisholmur, Iceland and Lisbon, Portugal 201 

(Hurrell, 1995). From model and reanalysis data a number of different 202 

characterisations have been produced for NAO, either from contrasting strengths 203 

and locations of the Icelandic Low and Azores High (Paeth et al., 1999) or PCA over 204 

the North Atlantic region (Hurrell et al., 2003). 205 

In the Pliocene patterns, strength and variability could have changed from the 206 

modern, so it is important that a range of different indices are used to characterise 207 

the NAM. In this study we will be using both AO and NAO indices to characterise the 208 

variability in the Northern Hemisphere and North Atlantic and EOFs to analyse the 209 

spatial distribution of variability. We will also examine changes in the mean state 210 

variables. 211 

 212 

2.5 Fossil tree-ring analysis 213 

 214 

Abundant fossil forest sites of Pliocene age have been identified in Alaska 215 

(Matthews and Ovenden, 1990; Matthews et al., 2003), Siberia (Bondarenko, 2007), 216 

Greenland (Funder et al. 2001; Bennike et al., 2002), and the Canadian Arctic 217 

Archipelago (Matthews and Ovenden, 1990; Ballantyne et al., 2006; Richter et al., 218 

2008; Ballantyne et al., 2010; Csank et al., 2011). A number of these fossil sites are 219 

being analysed for palaeoclimatic reconstruction. Here we focus on the well studied 220 

Beaver Pond locality, at the head of Strathcona Fiord on Ellesmere Island, Canada 221 

(78N, 82W). This site has been dated to the Pliocene and is approximately 4-5 222 

million years old. 223 
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For ring-width measurements a Bannister Bench system was used to 224 

measure the tree-ring widths of our Pliocene samples, which has a precision of 225 

±0.01 mm (Robinson and Evans, 1980). Isotopic studies of tree-rings present some 226 

advantages over basic ring width studies of fossil wood, being unaffected by the 227 

modern ‘divergence problem’ among trees at high latitudes (Porter et al., 2009) and 228 

non-climatic periodic events, such as insect outbreaks (Kress et al., 2009). 229 

All isotopic samples were processed to -cellulose using a modified Leavitt-230 

Danzer method (Leavitt and Danzer, 1993). 18O analyses were conducted at the 231 

Saskatchewan Isotope Laboratory (SIL), University of Saskatchewan, using a 232 

Thermo Finnigan TC/EA coupled via a Conflo III interface to a Thermo Finnigan 233 

Delta Plus XL mass spectrometer in continuous flow mode and also at the University 234 

of Arizona using a Costech HTG EA, modified for oxygen isotope analysis of 235 

cellulose (Evans, 2008), directly coupled via a ConFlo III to a Finnigan DeltaPlus XP 236 

mass-spectrometer. Cellulose (0.30-0.35 mg) was weighed into silver capsules, 237 

pyrolyzed over glassy carbon and reported as values relative to VSMOW.  Analytical 238 

error was 0.2 ‰, with duplicate samples of each ring showing a precision of 0.5 ‰. 239 

Corresponding analytical precision for repeat analyses of an internal cellulose 240 

standard was 0.3 - 0.4‰. 241 

In order to investigate whether the fossil wood data contains any periodic or 242 

quasi-periodic frequencies that match modes of climate variability, such as the NAM, 243 

a spectral analysis has been performed. The Multi Taper Method (MTM), which 244 

provides a spectral estimation of ‘noisy’ time series (Thomson, 1982; Percival and 245 

Walden, 1993), has been used. MTM is nonparametric and reduces the variance of 246 

spectral estimates by using a small set of tapers rather than the prescribed 247 

frequency bands used by other methods. 248 

 249 

3. Previous mid-Pliocene climate simulations 250 

 251 

The mid-Pliocene has been simulated many times using a number of GCMs 252 

(e.g. Chandler et al., 1994; Sloan et al., 1996; Haywood et al., 2000; Haywood et al., 253 

2002a; Haywood et al., 2002b; Haywood and Valdes, 2004; Haywood et al., 2008; 254 

Lunt et al., 2010). These simulations have consistently shown a number of key 255 
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features of the mid-Pliocene climate. Global mean temperatures are estimated to 256 

have been 2.5 - 3.5°C warmer than pre-industrial, with a significantly reduced 257 

equator-pole temperature gradient. Concurrently global precipitation increases, 258 

whereas the overall cloud fraction decreases (Chandler et al., 1994; Haywood et al., 259 

2000). The palaeoenvironmental information with which to evaluate atmospheric 260 

conditions in the mid-Pliocene is sparse, but the available, largely palynological, data 261 

supports the general trends of mid-Pliocene GCM simulations (Salzmann et al., 262 

2008). 263 

Recently, the coupled ocean-atmosphere GCM, HadCM3, has been used to 264 

simulate mid-Pliocene climate (Haywood and Valdes, 2004, Lunt et al., 2008; Lunt et 265 

al., 2010). This model simulates the state of the ocean, rather than specifying sea 266 

surface temperatures (SSTs) as an atmospheric boundary condition, allowing for the 267 

evaluation of simulations against ocean temperature reconstructions of the PRISM 268 

group (Dowsett et al., 1999; Dowsett et al., 2010; Dowsett et al., this issue). The 269 

PRISM reconstructions show warming across the world’s oceans, but especially at 270 

high-latitudes of the North Atlantic. Although there is general agreement between 271 

global patterns in the PRISM data and models, HadCM3 fails to reproduce the large 272 

SST increases in the North Atlantic (Haywood and Valdes, 2004). This comparison is 273 

dealt with in much greater detail, using the new PRISM3D SST reconstruction, in 274 

Dowsett et al. (this issue). 275 

It has often been suggested that increased northward heat transport in the 276 

North Atlantic was one of the main drivers of mid-Pliocene warmth (Rind and 277 

Chandler, 1991; Dowsett et al., 1992; Raymo et al., 1996; Williams et al., 2009). 278 

Long-standing evidence for this comes from reconstructions of large increases in 279 

North Atlantic SSTs (Dowsett et al., 1992; Robinson et al., 2009) and reductions in 280 

Arctic sea-ice cover (Cronin et al., 1993; Dowsett et al., 1999). New reconstructions 281 

of mid-Pliocene deep water temperatures suggest little change in ocean circulation 282 

(Dowsett et al. 2009), although small increases in temperature could be due to an 283 

increase in North Atlantic Deep Water formation and North Atlantic Meridional 284 

Overturning Circulation (MOC). Conversely, HadCM3 simulations show a slight 285 

decrease in North Atlantic MOC (Haywood and Valdes, 2004). This suggests that 286 

inaccuracies in the simulation of ocean circulation could be responsible for model-287 

data SST differences in the North Atlantic, although this may reflect uncertainties in 288 
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the boundary conditions rather than problems with the model physics (Robinson et 289 

al., this issue). 290 

 291 

4. Climates of perturbed boundary condition experiments 292 

 293 

The contributions of various components of mid-Pliocene warmth in HadCM3 294 

simulations have already been investigated (Haywood and Valdes, 2004; Haywood 295 

et al., 2009; Bonham et al., 2009; Lunt et al., 2009). This study includes a new set of 296 

simulations, looking at the impact of individual boundary condition changes on the 297 

mid-Pliocene and pre-industrial climate. Table 1 shows the impact of the various 298 

boundary conditions on the key differences between the mid-Pliocene and pre-299 

industrial atmospheres, while Table 2 shows the impact on the modelled oceans. 300 

The largest driver of global warming in the mid-Pliocene is CO2, with 301 

vegetation and orography also playing an important role. All of the boundary 302 

condition changes play a role in the decreased equator to pole temperature gradient, 303 

with CO2 and orography particularly important. Reducing the altitude of the Rocky 304 

Mountains reduces northward heat transport into the Arctic, primarily in the oceans, 305 

but also in the atmosphere. This makes the orographic changes the largest 306 

contributor to reduced equator to pole temperature gradients in the mid-Pliocene. 307 

The role of vegetation in the reduced gradients seems to change depending on 308 

whether you start in a mid-Pliocene or pre-industrial state. In the mid-Pliocene, 309 

changing to pre-industrial vegetation seems to have little impact, whereas in the pre-310 

industrial, changing to mid-Pliocene vegetation decreases the equator to pole 311 

temperature gradient by more than 1.5°C. CO2, orography and vegetation play an 312 

important role in changes to global precipitation, with CO2 producing the largest 313 

effect. CO2 and orography also dominate the overall decreases in cloud coverage, 314 

with mid-Pliocene vegetation and ice sheet changes introducing small increases in 315 

cloud coverage. 316 

In the key oceanic parameters CO2 always produces the largest effect, with 317 

orographic changes also playing an important role, especially in the Northern 318 

Hemisphere sea-ice and ocean currents. The northward surface currents in the 319 

North Atlantic seem to be particularly sensitive to boundary condition changes, with 320 
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individual parameters able to more than double standard 4.4% mid-Pliocene 321 

reductions or produce a mid-Pliocene increase in northward surface currents of 1-2%. 322 

Increased North Atlantic MOC is implied by some records of ocean 323 

temperatures (Dowsett et al., 1992; Dowsett et al., 2009) and has often been 324 

suggested as a mechanism for warming the mid-Pliocene (Dowsett et al., 1992; 325 

Raymo et al., 1996; Dowsett et al., 2010). Standard HadCM3 simulations, using the 326 

PRISM2 boundary conditions, fail to reproduce this increase. However, the high 327 

sensitivity to the boundary conditions suggests that this result may not be robust to 328 

new palaeoenvironmental data and reconstructions. The simulations presented here 329 

show that Rocky Mountains orography, the vegetation reconstruction or possibly 330 

higher atmospheric greenhouse gases, could introduce increases in North Atlantic 331 

MOC. 332 

 333 

5. NAM in standard mid-Pliocene simulations 334 

 335 

Overall Northern Hemisphere variability changes little between standard pre-336 

industrial and mid-Pliocene simulations, as can be seen in standardized AO indices 337 

(Fig. 2a). However, significant changes in the simulation of the Icelandic Low can be 338 

seen in our model and have been noted in previous models of the mid-Pliocene 339 

climate (Chandler et al., 1994; Haywood et al., 2000; Haywood et al., 2008). In these 340 

cases the Icelandic Low is noted to significantly increase in strength, which is 341 

reminiscent of positive phases of the NAO.  342 

NAO indexes (Fig. 2b) show that the North Atlantic variability in the mid-343 

Pliocene is much reduced compared to modern. This large change in North Atlantic 344 

variability can be largely attributed to a change in the mean state of the Icelandic 345 

Low, which is persistently strong in the mid-Pliocene winter (Fig. 2c). Due to the 346 

strength and persistence of this low pressure system any interannual variability in the 347 

North Atlantic is significantly dampened. EOFs show that, while Northern 348 

Hemisphere variability has remained largely constant, the main centre of NAM 349 

variability has shifted from the North Atlantic in the pre-industrial climate simulation 350 

to the North Pacific in the mid-Pliocene standard simulation (Fig. 3). 351 

 352 
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6. Causes of NAM changes 353 

 354 

By performing a series of simulations perturbing single boundary conditions 355 

from either the pre-industrial or mid-Pliocene climate state, the cause of the 356 

significant changes in the North Atlantic region can be assessed. Fig. 4 shows the 357 

consequence of perturbing each of these parameters on the winter mslp. 358 

Despite small changes in the Azores High, the primary differences in mslp, 359 

which ultimately manifest as changes in NAO, occur in the Icelandic Low pressure 360 

system. Causes of the modelled changes in the Icelandic Low appear to be relatively 361 

linear, with individual component changes accounting for up to 95% of the overall 362 

changes between the mid-Pliocene and pre-industrial. Vegetation seems to have 363 

very little impact, widening the differences by up to 2%. Smaller ice sheets explain at 364 

most 5% of the mslp changes. Atmospheric carbon dioxide makes a significant 365 

contribution to the changes in the Icelandic Low, accounting for up to 16% of the 366 

differences in the mid-Pliocene. However, up to 75% of the changes in North Atlantic 367 

pressure systems can be attributed to differences in the mid-Pliocene and pre-368 

industrial orography (Fig. 4). 369 

Changes in the Rocky Mountains, either from the simulation of past changes 370 

in altitude or differences in the way they are represented within climate models, have 371 

long been shown to introduce changes to the North Atlantic region (Bolin, 1950; Rind 372 

and Chandler, 1991; Gregory et al., 1998; Kitoh, 2002). The pattern of global 373 

atmospheric stationary waves, and therefore the persistent pressure systems, is 374 

largely driven by variations in the land surface altitude (Bolin, 1950). The 375 

atmospheric turbulence, caused as the prevailing westerlies move over the Rocky 376 

Mountains, acts as a driver of storm generation over the North American great plains 377 

and through to the Atlantic (Tucker and Crook, 1999; Haywood et al., 2008). The 378 

Rocky Mountains also act as a barrier to the normal operation of the Ferrel Cell, 379 

causing both a physical and thermal deflection of the zonally symmetric mid-latitude 380 

wind pattern and impacting northward heat transport in the Atlantic (Ringler and 381 

Cook, 1998; Brayshaw et al., 2009). Additionally, previous studies have suggested 382 

that the topography of the Rockies is the primary mechanism by which the annular 383 

structure of the NAM is modified to form the strong Atlantic expression defined as the 384 
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NAO (Thompson et al., 2003). Thus variations in topography are key for 385 

understanding changes in the processes that give rise to the NAO. 386 

The halving of the height of the mid-Pliocene Rocky Mountains causes the 387 

mean state of the winter Icelandic Low to decrease in pressure by 8.1 mBar. Even 388 

with the rest of the simulation being in the pre-industrial state, changing the 389 

orography would cause winter mslp to fall by 7.5 mBar. This has major implications 390 

for the use of any palaeoclimate with changes in the Rocky Mountains orography as 391 

a potential analogue for future climate change. As the North Atlantic is a key region 392 

in the global climate, any factor which introduces significant biases to climate change 393 

estimates here, which won’t be replicated under future scenarios, could adversely 394 

impact global estimates. 395 

 396 

7. PRISM3D Rocky Mountains reconstruction 397 

 398 

There are significant uncertainties in the rates and timing of Rocky Mountain 399 

uplift. The PRISM2 orographic reconstruction, which shows a 50% reduction in mid-400 

Pliocene Rocky Mountains altitudes (Dowsett et al., 1999), was based on data 401 

suggesting significant uplift over the last 3 million years (Fleming, 1994; Huber, 1981; 402 

Winograd et al., 1985).  A recent update to the orographic reconstruction used in 403 

PRISM2 is now available as part of the PRISM3D boundary condition data set 404 

(Markwick, 2007; Sohl et al., 2009; Haywood et al. 2010), available from the U.S. 405 

Geological Survey. This change is based on recent studies showing little change in 406 

the Rocky Mountains since well before the Pliocene (McMillan et al., 2006; Moucha 407 

et al., 2008).  408 

This suggests that the mid-Pliocene simulation with pre-industrial orography 409 

may be a better representation of the true mid-Pliocene climate and that the large 410 

changes observed in previous simulations of the North Atlantic may not persist in 411 

simulations using the PRISM3D boundary conditions (Haywood et al., 2010). 412 

However, proxy records of climate variability from Pliocene fossil tree-ring records 413 

provide the opportunity to test the simulations of NAM and potentially evaluate the 414 

changes in the reconstructions of the mid-Pliocene Rocky Mountains. 415 

 416 
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8. NAM in Pliocene tree-ring records 417 

 418 

Interannual variability is difficult to quantify from Pliocene palaeoclimate proxy 419 

records and, as a primarily atmospheric phenomenon, high resolution terrestrial 420 

records are required to test model simulations of the NAM. Although any such 421 

dataset will provide at best sparse coverage, because of the rare preservation of 422 

such features in the geological record, a few well preserved proxy records in key 423 

locations could provide sufficient data to distinguish between the large signals 424 

simulated in these models. 425 

Recent studies of isotopic data derived from tree-rings have demonstrated 426 

good correlation with indexes of both the AO (Welker et al., 2005) and the NAO 427 

(Reynolds-Henne et al., 2007).  The basis for the climate dependence of 18O in 428 

tree-rings is the temperature-dependant fractionation process during evaporation 429 

and condensation that takes place in the hydrologic cycle. The oxygen isotope ratio 430 

of tree-ring cellulose depends mainly on the isotopic composition of the water used 431 

during cellulose synthesis, albeit with a humidity signal superimposed (Edwards and 432 

Fritz, 1986; Reynolds-Henne et al., 2007). Temperature exerts the strongest 433 

influence on the isotopic value of precipitation, but moisture source and moisture 434 

recycling within clouds also play an important role (Craig and Gordon, 1965; Kohn 435 

and Welker, 2005; Vachon et al., 2010). Thus, because tree rings integrate the 436 

climatic conditions, they are excellent recorders of large scale atmospheric modes. 437 

Several studies have exploited this fact to extend climatic indices well beyond the 438 

instrumental period (MacDonald and Case, 2005; D’Arrigo et al., 2003a; Trouet et al., 439 

2009). 440 

MTM spectral analysis of tree-ring and isotope records from the Pliocene 441 

Ellesmere Island specimens reveals statistically significant (above the 95% 442 

confidence limit for a red-noise spectra of an AR(1) (auto-regressive) model) 443 

oscillations in the 8 year, 5.5 year and 3-4 year frequency bands (Fig. 5). These 444 

spectral features coincide with the primary periodicities of modern NAO (Hurrell et al., 445 

2003) and a 600 year NAO proxy reconstruction, where the greatest power was at a 446 

frequency of 3.9 years (Cook et al., 2002). Although the NAM / AO, which remains 447 

strong in all the mid-Pliocene models, also operates over some of the same 448 
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frequencies, the power shown in tree-ring records at 5.5 years and 8 years (as 449 

opposed to a broad peak over 8-10 year periodicities) suggests that at least some of 450 

the signal is coming from the North Atlantic. Overall, the tree-ring data from 451 

Ellesmere Island suggest the presence of a strong NAO during the Pliocene and 452 

seem to support the use of mid-Pliocene orographic reconstructions with high Rocky 453 

Mountains within climate models. 454 

 455 

9. Discussion 456 

 457 

9.1 Pliocene NAM 458 

 459 

Annular modes, in both the Northern and Southern Hemispheres, are key 460 

components of global interannual variability and the primary atmospheric oscillations 461 

at high latitudes. While they are essentially a permanent feature of the climate, due 462 

to the structure of the atmosphere and rotation of the Earth, their oscillation 463 

frequencies and mean state will change according to the forcing provided by the land 464 

surface and properties of the atmosphere (Thompson et al., 2003). Previous climate 465 

models of the mid-Pliocene seem to be an example of this. While overall the 466 

oscillation is largely unaffected by the changes in atmospheric CO2, ice sheets, 467 

orography and vegetation, significant changes occur in the NAM centres of activity. 468 

This is particularly true of the mean pressure systems in the North Atlantic and the 469 

NAO, which in modern climates is the primary expression of the NAM. In mid-470 

Pliocene simulations using the PRISM2 boundary conditions the NAO is severely 471 

dampened and the main NAM centre of action moves to the North Pacific. 472 

Through a series of sensitivity experiments it has been shown that these 473 

changes are largely driven by the differences between the modern Rocky Mountains 474 

and the PRISM2 reconstruction. Since there are significant uncertainties in this 475 

reconstruction  (e.g. McMillan et al., 2006; Moucha et al., 2008) and the sensitivity of 476 

NAM to relatively small changes in the Rocky Mountains is unknown, large 477 

uncertainties must remain in Northern Hemisphere, and particularly North Atlantic, 478 

atmospheric variability during the mid-Pliocene. As this region is key to our 479 

understanding of mid-Pliocene warmth (Dowsett et al., 1992; Raymo et al., 1996; 480 
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Robinson, 2009) a characterisation of the state of the NAM and potential climate 481 

feedbacks would be a significant advancement and could provide important insights 482 

into the mechanisms of mid-Pliocene warming. The introduction of the PRISM3D 483 

orographic reconstruction (Sohl, 2009) in the PlioMIP experiments (Haywood et al., 484 

2010) may remove many of these problems, although sensitivity studies are required 485 

to show this. 486 

 487 

9.2 Consequences for palaeoclimate studies 488 

 489 

Changes in model boundary conditions, applicable to all periods of the 490 

geological past, can have a large effect on the operation of the climate.  Even 491 

changes in a single boundary condition can have a large impact on climate as a 492 

whole or any of its component phenomena. This shows that in order to accurately 493 

simulate palaeoclimates a full integration of changes in model boundary conditions is 494 

required. In the mid-Pliocene, one of the most important boundary condition changes 495 

is the reconstruction of the Rocky Mountains. There are significant uncertainties 496 

associated with the timing of Rocky Mountain uplift (Huber, 1981; McMillan et al., 497 

2006) and different reconstructions fundamentally change the Northern Hemisphere 498 

climate variability, especially in the North Atlantic and North Pacific regions. This is 499 

only one example of how changes in the Earth System can have large effects on the 500 

climate of the past (see also Robinson et al., this issue) and such changes will 501 

become much more prevalent as older time periods in the geological record are 502 

studied. 503 

 The mid-Pliocene is increasingly being used to test both climate models 504 

(Haywood et al., 2010; Dowsett et al., this issue) and the fundamental sensitivity of 505 

the climate to changes in atmospheric CO2 (Lunt et al., 2010; Pagani et al., 2010). 506 

Without assessing the impact of changes in the Earth System, both on the mean 507 

states and variability of the climate, a thorough understanding of the mid-Pliocene 508 

warm period cannot be obtained. This is essential, if this period of Earth history is to 509 

be used to improve of understanding of climate operation under warmer than modern 510 

temperatures and as a time period for the estimation of Earth System Sensitivity. 511 

 512 
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10. Conclusions 513 

 514 

Previous mid-Pliocene climate model simulations include large changes to the 515 

operation of NAM and particularly its primary regional expression NAO. Sensitivity 516 

experiments show that these changes are largely due to the lowering of the Rocky 517 

Mountains in the PRISM2 palaeoenvironmental reconstruction. There is significant 518 

uncertainty in this reconstruction and the latest version of the dataset, PRISM3D, 519 

introduces modern Rocky Mountains orography. Therefore, existing mid-Pliocene 520 

climate models probably include systematic biases, particularly in North Atlantic 521 

climate variability. Initial proxy records from Pliocene fossil tree-ring analysis 522 

suggests that the expression of NAO is still strong in the Atlantic sector of the 523 

Canadian Arctic and support mid-Pliocene simulations of NAM with modern Rocky 524 

Mountains orography. 525 
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 889 

Figure Captions 890 

 891 

Fig. 1. Pre-industrial and mid-Pliocene boundary conditions used within the climate 892 

model simulations. (a) Pre-industrial orography and (b) the difference between 893 

mid-Pliocene and pre-industrial orography, outside of ice sheet regions. (c) Pre-894 

industrial and (d) mid-Pliocene ice sheet coverage. (e) A representation of pre-895 

industrial vegetation, derived from Matthews (1985) and included here as a direct 896 

comparison to (f) PRISM2 mid-Pliocene vegetation reconstruction (Dowsett et al., 897 

1999). CO2 is set to 280ppmv in pre-industrial and 400ppmv in mid-Pliocene 898 

simulations. 899 

 900 

Fig. 2. Characterisation of Northern Hemisphere variability in the standard pre-901 

industrical and mid-Pliocene simulations, PREIND and PRISM2. (a) Standardised 902 

AO indices calculated from PCA of the winter mslp north of 20°N. (b) NAO indices 903 

calculated using the Paeth et al. (1999) technique, standardised to the PREIND 904 

simulation. (c) Mean Atlantic mslp in the Northern Hemisphere. 905 
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 906 

Fig. 3. First component EOFs of mslp north of 20°N for (a) the standard pre-industrial 907 

simulation, PREIND and (b) the standard mid-Pliocene simulation, PRISM2. 908 

Significant changes occur over the Pacific and Atlantic centres of NAM. 909 

 910 

Fig. 4. Mean Atlantic mslp in the Northern Hemisphere for each of the climate model 911 

simulations. Solid lines represent mid-Pliocene simulations, while dashed lines are 912 

pre-industrial. Green lines are vegetation perturbation simulations, blue lines ice 913 

sheet perturbations, red lines altered CO2 and orange lines perturbed orography 914 

simulations. The major changes in Atlantic mslp occur when orography is changed. 915 

 916 

Fig. 5. Frequency spectra of Pliocene tree-ring width and 
18O isotope data 917 

compared to modern NAO and AO indices. Fossil wood comes from the Beaver 918 

Pond site on Ellesmere Island, shown on inset map. 919 
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Table Caption 922 

 923 

 Table 1. List of climate model simulations within each of the standard, perturbed 924 

pre-industrial and perturbed mid-Pliocene experiments. Superscript identifiers 925 

denote the non-standard boundary condition in each simulation. 926 

Table 2. Key atmospheric parameters in the HadCM3 simulations. PREIND values 927 

are absolute, but all others are relative to PREIND. 928 

Table 3. Key oceanic parameters in the HadCM3 simulations. PREIND values are 929 

absolute, but all others are relative to PREIND. 930 
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