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Abstract  10 

The denudation history of active orogens is often interpreted in the context of modern climate and vegetation gradients. 11 

Here we address the validity of this approach and ask the question: what are the spatial and temporal variations in 12 

paleo-climate for a latitudinally diverse range of active orogens? We do this using high-resolution (T159, ca. 80 x 80 13 

km at the equator) paleo-climate simulations from the ECHAM5 global Atmospheric General Circulation Model and a 14 

statistical cluster analysis of climate over different orogens (Andes, Himalaya, SE Alaska, Pacific NW USA). Time 15 

periods and boundary conditions considered include the Pliocene (PLIO, ~3 Ma), the Last Glacial Maximum (LGM, 16 

~21 ka), Mid Holocene (MH, ~6 ka) and Pre-Industrial (PI, reference year 1850). The regional simulated climates of 17 

each orogen are described by means of cluster analyses based on the variability of precipitation, 2m air temperature, the 18 

intra-annual amplitude of these values, and monsoonal wind speeds where appropriate. Results indicate the largest 19 

differences to the PI climate are observed for the LGM and PLIO climates in the form of widespread cooling and 20 

reduced precipitation in the LGM and warming and enhanced precipitation during the PLIO. The LGM climate shows 21 

the largest deviation in annual precipitation from the PI climate, and shows enhanced precipitation in the temperate 22 

Andes, and coastal regions for both SE Alaska and the US Pacific Northwest Pacific. Furthermore, LGM precipitation 23 

is reduced in the western Himalayas and enhanced in the eastern Himalayas, resulting in a shift of the wettest regional 24 

climates eastward along the orogen. The cluster-analysis results also suggest more climatic variability across latitudes 25 

east of the Andes in the PLIO climate than in other time-slice experiments conducted here. Taken together, these results 26 

highlight significant changes in Late Cenozoic regional climatology over the last ~3 Ma. Finally, we document regions 27 

where the largest magnitudes of Late Cenozoic changes in precipitation and temperature occur and offer the highest 28 

potential for future observational studies interested in quantifying the impact of climate change on denudation and 29 

weathering rates. 30 
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1. Introduction 38 

Interpretation of orogen denudation histories in the context of climate and tectonic interactions is often hampered 39 

by a paucity of terrestrial paleo-climate proxy data needed to reconstruct spatial variations in paleo-climate. Paleo-40 

climate reconstructions are particularly beneficial when denudation rates are determined using geo- and thermo-41 

chronology techniques that integrate over timescales of 103-106+ years (e.g. cosmogenic radionuclides or low-42 

temperature thermochronology) [e.g., Kirchner et al., 2001; Schaller et al., 2002; Bookhagen et al., 2005; Moon et al., 43 

2011; Thiede and Ehlers, 2013; Lease and Ehlers, 2013]. However, few studies using denudation rate determination 44 

methods that integrate over longer timescales have access to information about past climate conditions that could 45 

influence these paleo-denudation rates. Paleo-climate modelling offers an alternative approach to sparsely available 46 

proxy data for understanding the spatial and temporal variations in precipitation and temperature in response to changes 47 

in orography [e.g. Takahashi and Battisti, 2007a, b; Insel et al., 2010; Feng et al., 2013] and global climate change 48 

events [e.g. Salzmann, 2011; Jeffery et al., 2013]. In this study, we characterize the climate at different times in the 49 

Cenozoic, and the magnitude of climate change for a range of active orogens.  Our emphasis is on identifying changes 50 

in climate parameters relevant to weathering and catchment denudation to illustrate the potential importance of various 51 

global climate change events on surface processes. 52 

Previous studies of orogen scale climate change provide insight into how different tectonic or global climate 53 

change events influence regional climate change.  For example, sensitivity experiments demonstrated significant 54 

changes in regional and global climate in response to landmass distribution and topography of the Andes, including 55 

changes in moisture transport and the north-south asymmetry of the Inter Tropical Convergence Zone [e.g. Takahashi 56 

and Battisti, 2007a, Insel et al., 2010]. Another example is the regional and global climate changes induced by the 57 

Tibetan Plateau surface uplift due to its role as a cold-temperature island and physical obstacle to circulation [Raymo 58 

and Ruddiman, 1992; Kutzbach et al., 1993; Thomas, 1997; Bohner, 2006; Molnar et al., 2010; Boos and Kuang, 2010]. 59 

The role of tectonic uplift in long term regional and global climate change remains a focus of research and continues to 60 

be assessed with geologic datasets [e.g. Zhisheng, 2001; Dettman et al., 2003] and climate modelling [e.g. Kutzbach et 61 

al., 1989; Kutzbach et al., 1993, Bohner, 2006; Takahashi and Battisti, 2007a; Ehlers and Poulsen, 2009; Insel et al., 62 

2010; Boos and Kuang, 2010].  Conversely, climate influences tectonic processes through erosion [e.g. Molnar and 63 

England, 1990; Whipple et al., 1999; Montgomery et al., 2001; Willett et al., 2006; Whipple, 2009]. Quaternary climate 64 

change between glacial and interglacial conditions [e.g. Braconnot et al., 2007; Harrison et al., 2013] resulted in not 65 

only the growth and decay of glaciers and glacial erosion [e.g. Yanites and Ehlers, 2012; Herman et al., 2013; Valla et 66 

al., 2011] but also global changes in precipitation and temperature [e.g. Otto-Bliesner et al., 2006; Li et al., 2017] that 67 

could influence catchment denudation in non-glaciated environments [e.g. Schaller and Ehlers, 2006; Glotzbach et al., 68 

2013; Marshall et al., 2015]. These dynamics highlight the importance of investigating how much climate has changed 69 

over orogens that are focus of studies of climate-tectonic interactions and their impact on erosion.  70 

Despite recognition by previous studies that climate change events relevant to orogen denudation are prevalent 71 

throughout the Late Cenozoic, few studies have critically evaluated how different climate change events may, or may 72 

not, have affected the orogen climatology, weathering and erosion. Furthermore, recent controversy exists concerning 73 

the spatial and temporal scales over which geologic and geochemical observations can record climate-driven changes in 74 

weathering and erosion [e.g. Whipple, 2009; von Blanckenburg et al., 2015; Braun, 2016]. This study contributes to our 75 

understanding of the interactions between climate, weathering, and erosion by bridging the gap between the 76 

paleoclimatology and surface processes communities by documenting the magnitude and distribution of climate change 77 

over tectonically active orogens. Our focus is on documenting the magnitude of paleoclimate change in different 78 

locations with the intent of informing past and ongoing paleodenudation studies of these regions. The application of 79 
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these results to predicted changes in denudation rates is beyond the scope of this study and the focus of future work.  80 

We employ the ECHAM5 global Atmospheric General Circulation Model and document climate change for time 81 

slices ranging between the Pliocene (PLIO, ~3 Ma) to pre-industrial (PI) times for the St. Elias Range of South East 82 

Alaska, the US Pacific Northwest (Olympic and Cascade Range), western South America (Andes) and South Asia (incl. 83 

parts of Central- and East Asia). Our approach is two-fold and includes: 84 

1. An empirical characterization of paleo-climates in these regions based on the covariance and spatial clustering 85 

of monthly precipitation and temperature, the monthly change in precipitation and temperature magnitude, and wind 86 

speeds where appropriate. 87 

2. Identification of changes in annual mean precipitation and temperature in selected regions over time, 88 

specifically from the PLIO to the Last Glacial Maximum (LGM), the Mid-Holocene (MH) and PI. 89 

 90 

2. Methods: Climate modeling and cluster analyses for climate characterization 91 

 92 

2.1 ECHAM5 simulations 93 

The global Atmospheric General Circulation Model ECHAM5 [Roeckner et al., 2003] has been developed at the 94 

Max Planck Institute for Meteorology and is based on the spectral weather forecast model of the ECMWF [Simmons et 95 

al., 1989]. In the context of paleoclimate applications, the model has been used mostly at lower resolution (T31, 96 

approximately 3.75°x3.75°). The performed studies are not limited to the last millenium [e.g. Jungclaus et al., 2010] but 97 

also include research in the field of both warmer and colder climates, at orbital [e.g. Gong et al., 2013; Lohmann et al., 98 

2013; Pfeiffer and Lohmann, 2016; Zhang et al., 2013a; Zhang et al., 2014; Wei and Lohmann, 2012] and tectonic time 99 

scales [e.g. Knorr et al., 2011; Stepanek and Lohmann, 2012], and under anthropogenic influence [Gierz et al., 2015].  100 

Here, the ECHAM5 simulations were conducted at a T159 spatial resolution (horizontal grid size ca. 80 km x 80 101 

km at the equator) with 31 vertical levels (between the surface and 10hPa). This high model resolution is admittedly not 102 

required for the climatological questions investigated in this study.  However, simulations were conducted at this 103 

resolution so that future work can apply the results to quantify changes at large catchment to orogen scales.  The 104 

simulations were conducted for five different time periods: present-day (PD), PI, MH, LGM and PLIO.  105 

A PD simulation (not shown here) was used to establish confidence in the model performance before conducting 106 

paleo-simulations and has been compared with the following observation-based datasets: European Centre for Medium-107 

Range Weather Forecasts (ECMWF) re-analyses [ERA40, Uppala et al., 2005], National Centers for Environmental 108 

Prediction and National Center for Atmospheric Research (NCEP/NCAR) re-analyses [Kalnay et al., 1996; Kistler et 109 

al., 2001], NCEP Regional Reanalysis (NARR) [Mesinger et al., 2006], the Climate Research Unit (CRU) TS3.21 110 

dataset [Harris et al., 2013], High Asia Refined Analysis (HAR30) [Maussion et al., 2014] and the University of 111 

Delaware dataset (UDEL v3.01) [Legates et al., 1990]. (See Mutz et al. [2016] for a detailed comparison with a lower 112 

resolution model). 113 

The PI climate simulation is an ECHAM5 experiment with PI (reference year 1850) boundary conditions. Sea 114 

Surface Temperatures (SST) and Sea Ice Concentration (SIC) are derived from transient coupled ocean-atmosphere 115 

simulations [Lorenz and Lohmann, 2004; Dietrich et al., 2013].  Following Dietrich et al. [2013], greenhouse gas 116 

(GHG) concentrations are taken from ice core based reconstructions of CO2 [Etheridge et al., 1996], CH4 [Etheridge et 117 

al., 1998] and N2O [Sowers et al., 2003]. Sea surface boundary conditions for MH originate from a transient, low-118 

resolution, coupled atmosphere-ocean simulation of the mid (6 ka) Holocene [Wei and Lohmann, 2012; Lohmann et al, 119 

2013], where the GHG concentrations are taken from ice core reconstructions of GHG’s by Etheridge et al. [1996], 120 

Etheridge et al. [1998] and Sowers et al. [2003]. GHG’s concentrations for the LGM have been prescribed following 121 
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Otto-Bliesner et al. [2006]. Orbital parameters for MH and LGM are set according to Dietrich et al. [2013] and Otto-122 

Bliesner et al. [2006], respectively. LGM land-sea distribution and ice sheet extent and thickness are set based on the 123 

PMIP III (Paleoclimate Modelling Intercomparison Project, phase 3) guidelines (elaborated on by Abe-Ouchi et al 124 

[2015]). Following Schäfer-Neth and Paul [2003], SST and SIC for the LGM are based on GLAMAP [Sarnthein et al. 125 

2003] and CLIMAP [CLIMAP project members, 1981] reconstructions for the for the Atlantic and Pacific/Indian 126 

Ocean, respectively. Global MH and LGM vegetation are based on maps of plant functional types by the BIOME 6000 / 127 

Palaeovegetation Mapping Project [Prentice et al., 2000; Harrison et al., 2001; Bigelow et al., 2003; Pickett et al., 2004] 128 

and model predictions by Arnold et al. [2009]. Boundary conditions for the PLIO simulation, including GHG 129 

concentrations, orbital parameters and surface conditions (SST, SIC, sea land mask, topography and ice cover) are taken 130 

from the PRISM (Pliocene Research, Interpretation and Synoptic Mapping) project [Haywood et al., 2010; Sohl et al., 131 

2009; Dowsett et al., 2010]. The PLIO vegetation boundary condition was created by converting the PRISM vegetation 132 

reconstruction to the JSBACH plant functional types as described by Stepanek and Lohmann [2012]. 133 

The palaeoclimate simulations (PI, MH, LGM, PLIO) using ECHAM5 are carried out for 17 model years, of 134 

which the first two years are used for model spin up. The monthly long-term averages (multi-year means for individual 135 

months) for precipitation, temperature, as well as precipitation and temperature amplitude, i.e. the mean difference 136 

between the hottest and coldest months, have been calculated from the following 15 model years for the analysis 137 

presented below. 138 

For further comparison between the simulations, the investigated regions were subdivided (Fig. 1). Western 139 

South America was subdivided into four regions: parts of tropical South America (80°-60° W, 23.5-5° S), temperate 140 

South America (80°-60° W, 50°-23.5° S), tropical Andes (80°-60° W, 23.5-5° S; high-pass filtered), i.e. most of the 141 

Peruvian Andes, Bolivian Andes and northernmost Chilean Andes, and temperate Andes (80°-60° W, 50°-23.5° S, 142 

high-pass filtered). South Asia was subdivided into three regions: tropical South Asia (40°-120°E, 0°-23.5°N), 143 

temperate South Asia (40°-120°E, 23.5°-60°N), and high altitude South Asia (40°-120°E, 0°-60°N; high-pass filtered). 144 

 145 

2.2 Cluster analysis to document temporal and spatial changes in climatology  146 

 This section describes the clustering method used in this study. The aim of the clustering approach is to group 147 

climate model surface grid boxes together based on similarities in climate. Cluster analyses are statistical tools that 148 

allow elements (i) to be grouped by similarities in the elements’ attributes. In this study, those elements are spatial units, 149 

the elements’ attributes are values from different climatic variables, and the measure of similarity is given by a 150 

statistical distance. The four basic variables used as climatic attributes of these spatial elements are: near-surface (2m) 151 

air temperature, seasonal 2m air temperature amplitude, precipitation rate, and seasonal precipitation rate amplitude. 152 

Since monsoonal winds are a dominant feature of the climate in the South Asia region, near surface (10m) speeds of u-153 

wind and v-wind (zonal and meridional wind components, respectively) during the monsoon season (July) and outside 154 

the monsoon season (January) are included as additional variables in our analysis of that region. Similarly, u-wind and 155 

v-wind speeds during (January) and outside (July) the monsoon season in South America are added to the list of 156 

considered variables to take into account the South American Monsoon System (SASM) in the cluster analysis for this 157 

region. The long-term monthly means of those variables are used in a hierarchical clustering method, followed by a 158 

non-hierarchical k-means correction with randomized re-groupment [Mutz et al., 2016; Wilks, 2011; Paeth, 2004; 159 

Bahrenberg et al., 1992].  160 

The hierarchical part of the clustering procedure starts with as many clusters as there are elements (ni), then 161 

iteratively combines the most similar clusters to form a new cluster using centroids for the linkage procedure for 162 

clusters containing multiple elements. The procedure is continued until the desired number of clusters (k) is reached. 163 
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One disadvantage of a pure hierarchical approach is that elements cannot be re-categorized once they are assigned to a 164 

cluster, even though the addition of new elements to existing clusters changes the clusters’ defining attributes and could 165 

warrant a re-categorization of elements. We address this problem by implementation of a (non-hierarchical) k-means 166 

clustering correction [e.g. Paeth, 2004]. Elements are re-categorized based on the multivariate centroids determined by 167 

the hierarchical cluster analysis in order to minimize the sum of deviations from the cluster centroids. The Mahalanobis 168 

distance [e.g. Wilks, 2011] is used as a measure of similarity or distance between the cluster centroids, since it is a 169 

statistical distance and thus not sensitive to different variable units. The Mahalanobis distance also accounts for possible 170 

multi-collinearity between variables.  171 

The end results of the cluster analyses are subdivisions of the climate in the investigated regions into k 172 

subdomains or clusters based on multiple climate variables. The region-specific k has to be prescribed before the 173 

analyses. A large k may result in redundant additional clusters describing very similar climates, thereby defeating the 174 

purpose of the analysis to identify and describe the dominant, distinctly different climates in the region and their 175 

geographical coverage. Since it is not possible to know a priori the ideal number of clusters, k was varied between 3 and 176 

10 for each region and the results presented below identify the optimal number of visibly distinctly different clusters 177 

from the analysis. 178 

 179 

3. Results 180 

Results from our analysis are first presented for general changes in global temperature and precipitation for the 181 

different time slices (Fig. 2, 3), which is then followed by an analysis of changes in the climatology of selected orogens. 182 

A more detailed description of temperature and precipitation changes in our selected orogens is presented in subsequent 183 

subsections (Fig. 4 and following). All differences in climatology are expressed relative to the PI control run. Changes 184 

relative to the PI rather than PD conditions are presented to avoid interpreting an anthropogenic bias in the results and 185 

focusing instead on pre-anthropogenic variations in climate. For brevity, near-surface (2m) air temperature and total 186 

precipitation rate are referred to as temperature and precipitation. 187 

 188 

3.1 Global differences in mean annual temperature  189 

This section describes the differences between simulated MH, LGM, and PLIO annual mean temperature 190 

anomalies with respect to PI shown in Fig. 2b, and PI temperature absolute values shown in Fig. 2a. Most temperature 191 

differences between the PI and MH climate are within -1°C to 1°C. Exceptions to this are the Hudson Bay, Weddell Sea 192 

and Ross Sea regions which experience warming of 1-3°C, 1-5°C and 1-9°C respectively. Continental warming is 193 

mostly restricted to low-altitude South America, Finland, western Russia, the Arabian Peninsula (1-3°C) and 194 

subtropical north Africa (1-5°C). Simulation results show that LGM and PLIO annual mean temperature deviate from 195 

the PI means the most. The global PLIO warming and LGM cooling trends are mostly uniform in direction, but the 196 

magnitude varies regionally. The strongest LGM cooling is concentrated in Canada, Greenland, the North Atlantic, 197 

Northern Europe and Antarctica. Central Alaska shows no temperature changes, whereas coastal South Alaska 198 

experiences cooling of ≤ 9°C. Cooling in the US Pacific northwest is uniform and between 11 and 13°C. Most of high-199 

altitude South America experiences mild cooling of 1-3°C, 3-5°C in the central Andes and ≤ 9°C in the south. Along the 200 

Himalayan orogen, LGM temperature values are 5-7°C below PI values. Much of central Asia and the Tibetan plateau 201 

cools by 3-5°C, and most of India, low-altitude China and southeast Asia by 1-3°C.  202 

In the PLIO climate, parts of Antarctica, Greenland and the Greenland Sea experience the greatest temperature 203 

increase (≤ 19°C). Most of southern Alaska warms by 1-5°C and ≤ 9°C near McCarthy, Alaska. The US Pacific 204 

northwest warms by 1-5°C. The strongest warming in South America is concentrated at the Pacific west coast and the 205 
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Andes (1-9°C), specifically between Lima and Chiclayo, and along the Chilean-Argentinian Andes south of Bolivia (≤ 206 

9°C). Parts of low-altitude South America to the immediate east of the Andes experience cooling of 1-5°C. The 207 

Himalayan orogen warms by 3-9°C, whereas Myanmar, Bangladesh, Nepal, northern India and northeast Pakistan cool 208 

by 1-9°C. 209 

 210 

3.2 Global differences in mean annual precipitation 211 

Notable differences occur between simulated MH, LGM, PLIO annual mean precipitation anomalies with 212 

respect to PI shown in Fig. 3b, and the PI precipitation absolute values shown in Fig. 3a. Of these, MH precipitation 213 

deviates the least from PI values. The differences between MH and PI precipitation on land appear to be largest in 214 

northern tropical Africa (increase ≤1200 mm/a) and along the Himalayan orogen (increase ≤2000 mm/a) and in central 215 

Indian states (decrease) ≤500mm. The biggest differences in western South America are precipitation increases in 216 

central Chile between Santiago and Puerto Montt. The LGM climate shows the largest deviation in annual precipitation 217 

from the PI climate, and precipitation on land mostly decreases. Exceptions are increases in precipitation rates in North 218 

American coastal regions, especially in coastal South Alaska (≤2300 mm/a) and the US Pacific Northwest (≤1700 219 

mm/a). Further exceptions are precipitation increases in low-altitude regions immediately east of the Peruvian Andes 220 

(≤1800 mm/a), central Bolivia (≤1000 mm/a), most of Chile (≤1000 mm/a) and northeast India (≤1900 mm/a). Regions 221 

of notable precipitation decrease are northern Brazil (≤1700 mm/a), southernmost Chile and Argentina (≤1900 mm/a), 222 

coastal south Peru (≤700 mm/a), central India (≤2300 mm/a) and Nepal (≤1600 mm/a).  223 

Most of the precipitation on land in the PLIO climate is higher than those in the PI climate. Precipitation is 224 

enhanced by ca. 100-200 mm/a in most of the Atacama desert, by ≤1700 mm/a south of the Himalayan orogen and by 225 

≤1400 mm/a in tropical South America. Precipitation significantly decreases in central Peru (≤2600mm), southernmost 226 

Chile (≤2600mm) and from eastern Nepal to northernmost northeast India (≤2500mm). 227 

 228 

3.3 Paleoclimate characterization from the cluster analysis and changes in regional climatology 229 

In addition to the above described global changes, the PLIO to PI regional climatology changes substantially in 230 

the four investigated regions of: South Asia (section 3.3.1), the Andes (section 3.3.2), South Alaska (section 3.3.3) and 231 

the Cascade Range (section 3.3.4). Each climate cluster defines separate distinct climate that is characterized by the 232 

mean values of the different climate variables used in the analysis. The clusters are calculated by taking the arithmetic 233 

means of all the values (climatic means) calculated for the grid boxes within each region. The regional climates are 234 

referred to by their cluster number C1, C2, …, Ck, where k is the number of clusters specified for the region. The clusters 235 

for specific paleo-climates are mentioned in the text as Ci(t), where i corresponds to the cluster number (i=1, …, k) and t 236 

to the simulation time period (t=PI, MH, LGM, PLIO). The descriptions first highlight the similarities and then the 237 

differences in regional climate. The cluster means of seasonal near-surface temperature amplitude and seasonal 238 

precipitation amplitude are referred to as temperature and precipitation amplitude. The median, 25th percentile, 75th 239 

percentile, minimum and maximum values for annual mean precipitation are referred to as Pmd, P25, P75, Pmin and Pmax 240 

respectively. Likewise, the same statistics for temperature are referred to as Tmd, T25, T75, Tmin and Tmax. These are 241 

presented as boxplots of climate variables in different time periods. When the character of a climate cluster is described 242 

as “high”, “moderate” and “low”, the climatic attribute’s values are described relative to the value range of the specific 243 

region in time, thus high PLIO precipitation rates may be higher than high LGM precipitation rates. The character is 244 

presented a raster plots, to allow compact visual representation of it. The actual mean values for each variable in every 245 

time-slice and region-specific cluster are included in tables in the supplementary material.  246 

 247 
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3.3.1 Climate change and paleoclimate characterization in South Asia, Central- and East Asia 248 

This section describes the regional climatology of the four investigated Cenozoic time slices and how 249 

precipitation and temperature changes from PLIO to PI times in tropical, temperate and high altitude regions. LGM and 250 

PLIO simulations show the largest simulated temperature and precipitation deviations (Fig. 4b) from PI temperature and 251 

precipitation (Fig. 4a) in the South Asia region. LGM temperatures are 1-7°C below PI temperatures and the direction 252 

of deviation is uniform across the study region. PLIO temperature is mostly above PI temperatures by 1-7°C. The 253 

cooling of 3-5°C in the region immediately south of the Himalayan orogen represents one of the few exceptions. 254 

Deviations of MH precipitation from PI precipitation in the region are greatest along the eastern Himalayan orogeny, 255 

which experiences an increase in precipitation (≤2000 mm/a). The same region experiences a notable decrease in 256 

precipitation in the LGM simulation, which is consistent in direction with the prevailing precipitation trend on land 257 

during the LGM. PLIO precipitation on land is typically higher than PI precipitation. 258 

Annual means of precipitation and temperature spatially averaged for the regional subdivisions and the different 259 

time slice simulations have been compared. The value range P25 to P75 of precipitation is higher for tropical South Asia 260 

than for temperate and high altitude South Asia (Fig. 5 a-c). The LGM values for P25, Pmd and P75 are lower than for the 261 

other time slice simulations, most visibly for tropical South Asia (ca. 100 mm/a). The temperature range (both T75-T25 262 

and Tmax- Tmin) is smallest in the hot (ca. 21°C) tropical South Asia, wider in the high altitude (ca. -8°C) South Asia, and 263 

widest in the temperate (ca. 2°C) South Asia region (Fig. 5 d-f). Tmd, T25 and T75 values for the LGM are ca. 1°C, 1-2°C 264 

and 2°C below PI and MH temperatures in tropical, temperate and high altitude South Asia respectively, whereas the 265 

same temperature statistics for the PLIO simulation are ca. 1°C above PI and MH values in all regional subdivisions 266 

(Fig. 5 d-f). With respect to PI and MH values, precipitation and temperature are generally lower in the LGM and 267 

higher in the PLIO in tropical, temperate and high altitude South Asia.  268 

In all time periods, the wettest climate cluster C1 covers an area along the southeastern Himalayan orogen (Fig. 6 269 

a-d) and is defined by the highest precipitation amplitude (dark blue, Fig. 6 e-h). C5(PI), C3(MH), C4(LGM) and C5(PLIO) are 270 

characterized by (dark blue, Fig. 6e-h) the highest temperatures, u-wind and v-wind speeds during the summer monsoon 271 

in their respective time periods, whereas C4(PI), C5(MH), and C6(LGM) are defined by low temperatures and highest 272 

temperature amplitude, u-wind and v-wind speeds outside the monsoon season (in January) in their respective time 273 

periods (Fig. 6 e-h). The latter 3 climate classes cover much of the more continental, northern landmass in their 274 

respective time periods and represents a cooler climate affected more by seasonal temperature fluctuations (Fig. 6 a-d). 275 

The two wettest climate clusters C1 and C2 are more restricted to the eastern end of the Himalayan orogen in the LGM 276 

than during other times, indicating that the LGM precipitation distribution over the South Asia landmass is more 277 

concentrated in this region than in other time slice experiments. 278 

  279 

3.3.2 Climate change and paleoclimate characterization in the Andes, Western South America 280 

This section describes the cluster analysis based regional climatology of the four investigated Late Cenozoic 281 

time slices and illustrates how precipitation and temperature changes from PLIO to PI in tropical and temperate low- 282 

and high altitude (i.e. Andes) regions in western South America (Fig. 7-9). 283 

LGM and PLIO simulations show the largest simulated deviations (Fig. 7b) from PI temperature and 284 

precipitation (Fig. 7a) in western South America. The direction of LGM temperature deviations from PI temperatures is 285 

negative and uniform across the region. LGM temperatures are typically 1-3°C below PI temperatures across the region, 286 

and 1-7°C below PI values in the Peruvian Andes, which also experience the strongest and most widespread increase in 287 

precipitation during the LGM (≤1800 mm/a). Other regions, such as much of the northern Andes and tropical South 288 

America, experience a decrease of precipitation in the same experiment. PLIO temperature is mostly elevated above PI 289 
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temperatures by 1-5°C. The Peruvian Andes experience a decrease in precipitation (≤2600mm), while the northern 290 

Andes are wetter in the PLIO simulation compared to the PI control simulation. 291 

PI, MH, LGM and PLIO precipitation and temperature means for regional subdivisions have been compared. 292 

The P25 to P75 range is smallest for the relatively dry temperate Andes and largest for tropical South America and the 293 

tropical Andes (Fig. 8 a-d). Pmax is lowest in the PLIO in all four regional subdivisions even though Pmd, P25 and P75 in 294 

the PLIO simulation are similar to the same statistics calculated for PI and MH time slices. Pmd, P25 and P75 for the LGM 295 

are ca. 50 mm/a lower in tropical South America and ca. 50 mm/a higher in the temperate Andes. Average PLIO 296 

temperatures are slightly warmer and LGM temperatures are slightly colder than PI and MH temperatures in tropical 297 

and temperate South America (Fig. 8 e and f). These differences are more pronounced in the Andes, however. Tmd, T25 298 

and T75 are ca. 5°C higher in the PLIO climate than in PI and MH climates in both temperate and tropical Andes, 299 

whereas the same temperatures for the LGM are ca. 2-4°C below PI and MH values (Fig. 8 g and h).  300 

For the LGM, the model computes drier-than-PI conditions in tropical South America and tropical Andes, 301 

enhanced precipitation in the temperate Andes, and a decrease in temperature that is most pronounced in the Andes. For 302 

the PLIO, the model predicts precipitation similar to PI, but with lower precipitation maxima. PLIO temperatures 303 

generally increase from PI temperatures, and this increase is most pronounced in the Andes. 304 

The climate variability in the region is described by six different clusters (Fig. 9 a-d), which have similar 305 

attributes in all time periods. The wettest climate C1 is also defined by moderate to high precipitation amplitudes, low 306 

temperatures and moderate to high u-wind speeds in summer and winter in all time periods (dark blue, Fig. 9 e-h). C2(PI), 307 

C2(MH), C3(LGM) and C2(PLIO) are characterized by high temperatures and low seasonal temperature amplitude (dark blue, 308 

Fig. 9 e-h), geographically cover the north of the investigated region, and represent a more tropical climate. C5(PI), 309 

C5(MH), C6(LGM) and C6(PLIO) are defined by low precipitation and precipitation amplitude, high temperature amplitude 310 

and high u-wind speeds in winter (Fig. 9 e-h), cover the low-altitude south of the investigated region (Fig. 9 a-d) and 311 

represent dry, extra-tropical climates with more pronounced seasonality. In the PLIO simulation, the lower-altitude east 312 

of the region has four distinct climates, whereas the analysis for the other time slice experiments only yield three 313 

distinct climates for the same region.  314 

 315 

3.3.3 Climate change and paleoclimate characterization in the St. Elias Range, Southeast Alaska 316 

This section describes the changes in climate and the results from the cluster analysis for South Alaska (Fig. 10-12). As 317 

is the case for the other study areas, LGM and PLIO simulations show the largest simulated deviations (Fig. 10b) from 318 

PI temperature and precipitation (Fig. 10a). The sign of LGM temperature deviations from PI temperatures is negative 319 

and uniform across the region. LGM temperatures are typically 1-9°C below PI temperatures, with the east of the study 320 

area experiencing largest cooling. PLIO temperatures are typically 1-5°C above PI temperatures and the warming is 321 

uniform for the region. In comparison to the PI simulation, LGM precipitation is lower on land, but higher (≤2300mm) 322 

in much of the coastal regions of South Alaska. Annual PLIO precipitation is mostly higher (≤800mm) than for PI.  323 

Pmd, P25, P75, Pmin and Pmax for South Alaskan mean annual precipitation do not differ much between PI, MH and 324 

PLIO climates, while Pmd, P25, P75 and Pmin decrease by ca. 20-40 mm/a and Pmax increases during the LGM (Fig. 11a). 325 

The Alaskan PLIO climate is distinguished from the PI and MH climates by its higher (ca. 2°C) regional temperature 326 

means, T25, T75 and Tmd (Fig. 11b). Mean annual temperatures, T25, T75, Tmin and Tmax are lower in the LGM than in any 327 

other considered time period (Fig. 11b), and about 3-5°C lower than during the PI and MH.  328 

Distinct climates are present in the PLIO to PI simulations for Southeast Alaska. Climate cluster C1 is always 329 

geographically restricted to coastal southeast Alaska (Fig. 12 a-d) and characterized by the highest precipitation, 330 

precipitation amplitude, temperature, and by relatively low temperature amplitude (dark blue, Fig. 12 e-h). Climate C2 is 331 
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characterized by moderate to low precipitation, precipitation amplitude, temperature, and by low temperature amplitude. 332 

C2 is either restricted to coastal southeast Alaska (in MH and LGM climates) or coastal southern Alaska (in PI and 333 

PLIO climates). Climate C3 is described by low precipitation, precipitation amplitude, temperature, and moderate 334 

temperature amplitude in all simulations. It covers coastal western Alaska and separates climate C1 and C2 from the 335 

northern C4 climate. Climate C4 is distinguished by the highest mean temperature amplitude, by low temperature and 336 

precipitation amplitude, and by lowest precipitation.  337 

The geographical ranges of PI climates C1- C4 and PLIO climates C1- C4 are similar. C1(PI/PLIO) and C2(PI/PLIO) 338 

spread over a larger area than C1(MH/LGM) and C2(MH/LGM). C2(PI/PLIO) are not restricted to coastal southeast Alaska, but also 339 

cover the coastal southwest of Alaska. The main difference in characterization between PI and PLIO climates C1- C4 340 

lies in the greater difference (towards lower values) in precipitation, precipitation amplitude and temperature from 341 

C1(PLIO) to C2(PLIO) compared to the relatively moderate decrease in those means from C1(PI) to C2(PI).  342 

 343 

3.3.4 Climate change and paleoclimate characterization in the Cascade Range, US Pacific Northwest 344 

This section describes the character of regional climatology in the US Pacific Northwest and its change over time 345 

(Fig. 13-15). The region experiences cooling of typically 9-11°C on land during the LGM, and warming of 1-5°C 346 

during the PLIO (Fig. 13b) when compared to PI temperatures (Fig. 13a). LGM precipitation increases over water, 347 

decreases on land by ≤800 mm/a in the North and in the vicinity of Seattle and increases on land by ≤1400 mm/a on 348 

Vancouver Island, around Portland and the Olympic Mountains, whereas PLIO precipitation does not deviate much 349 

from PI values over water and varies in the direction of deviation on land. MH temperature and precipitation deviation 350 

from PI values are negligible.  351 

Pmd, P25, P75, Pmin and Pmax for the Cascade Range do not notably differ between the four time periods (Fig. 14a). 352 

The LGM range of precipitation values is slightly larger than that of the PI and MH with slightly increased Pmd, while 353 

the respective range is smaller for simulation PLIO. The Tmd, T25, T75 and Tmax values for the PLIO climate are ca. 2°C 354 

higher than those values for PI and MH (Fig. 14b). All temperature statistics for the LGM are notably (ca. 13°C) below 355 

their analogues in the other time periods (Fig. 14b).  356 

PI, LGM and PLIO clusters are similar in both their geographical patterns (Fig. 15 a, c, d) and their 357 

characterization by mean values (Fig. 15 e, g, h). C1 is the wettest cluster and shows the highest amplitude in 358 

precipitation. The common characteristics of the C2 cluster are moderate to high precipitation and precipitation 359 

amplitude. C4 is characterized by the lowest precipitation and precipitation amplitudes, and the highest temperature 360 

amplitudes. Regions assigned to clusters C1 and C2 are in proximity to the coast, whereas C4 is geographically restricted 361 

to more continental settings.   362 

In the PI and LGM climates, the wettest cluster C1 is also characterized by high temperatures (Fig 10 e, g). 363 

However, virtually no grid boxes were assigned to C1(LGM). C1(MH) differs from other climate state’s C1 clusters in that it 364 

is also described by moderate to high near surface temperature and temperature amplitude (Fig 10 f), and in that it is 365 

geographically less restricted and, covering much of Vancouver Island and the continental coastline north of it (Fig 10 366 

b). Near surface temperatures are highest for C2 in PI, LGM and PLIO climates (Fig 10 e, g, h) and low for C2(MH) (Fig 367 

10 f). C2(MH) is also geographically more restricted than C2 clusters in PI, LGM and PLIO climates (Fig 10 a-d). C2(PI), 368 

C2(MH) and C2(LGM) have a low temperature amplitude (Fig 10 e-g), whereas C2(PLIO) is characterized by a moderate 369 

temperature amplitude (Fig 10 h).   370 

 371 

4. Discussion 372 

In the following, we synthesize our results and compare to previous studies that investigate the effects of 373 
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temperature and precipitation change on erosion. When possible, we relate the magnitude of climate change predicted in 374 

each geographical study area with terrestrial proxy data. 375 

 376 

4.1 Synthesis of temperature changes and implications for weathering and erosion 377 

Changes in temperature can affect physical weathering due to temperature-induced changes in periglacial 378 

processes and promote frost cracking and frost creep [e.g., Matsuoka, 2001; Schaller et al., 2002; Matsuoka and 379 

Murton, 2008; Delunel et al., 2010; Marshall et al., 2015], and also biotic weathering and erosion [e.g. Moulton et al., 380 

1998; Banfield et al., 1999; Dietrich and Perron, 2006]. Quantifying and understanding past changes in temperature is 381 

thus vital for our understanding of denudation histories. In the following, we highlight regions in the world where future 382 

observational studies might be able to document significant warming or cooling that would influence temperature 383 

related changes in physical and chemical weathering over the last ~3 Ma.  384 

Simulated MH temperatures show little deviation (typically < 1°C) from PI temperatures in the investigated 385 

regions (Fig. 2b), suggesting little difference in MH temperature-related weathering. LGM cooling is accentuated at the 386 

poles, in general agreement with studies such as Otto-Bliesner et al. [2006] and Braconnot et al. [2007], and increases 387 

the equator-to-pole pressure gradient and consequently strengthens global atmospheric circulation. Despite this global 388 

trend, cooling in coastal South Alaska is higher (≤ 9°C) than in central Alaska (0±1°C). Cooling in most of the lower-389 

latitude regions in South America and central to southeast Asia is relatively mild. The Tibetan plateau experiences more 390 

cooling (3-5°C) than adjacent low-altitude regions (1-3°C) during the LGM.  391 

The PLIO simulation shows little to no warming in the tropics and accentuated warming at the poles, as do 392 

findings of Salzmann et al. [2011] and Robinson [2009] and Ballantyne [2010] respectively. This would reduce the 393 

equator-to-pole sea and land surface temperature gradient, as also reported by Dowsett et al. [2010], and also weaken 394 

global atmospheric circulation. Agreement with proxy-based reconstructions, as is the case of the relatively little 395 

warming in lower latitudes, is not surprising given that sea surface temperature reconstructions are prescribed in this 396 

uncoupled atmosphere simulation. It should be noted that coupled ocean-atmosphere simulations do predict more low-397 

latitude warming [e.g. Stepanek and Lohmann 2012; Zhang et al. 2013b].  398 

Warming in simulation PLIO is present in parts of Canada and Greenland (up to 19°C) and consistent with 399 

values based on multi-proxy studies [Ballantyne et al., 2010]. Due to a scarcity of paleo-botanical proxies in Antarctica, 400 

reconstruction-based temperature and ice-sheet extent estimates for a PLIO climate have high uncertainties [Salzmann 401 

et al., 2011], making model validation difficult. Furthermore, controversy about relatively little warming in the south 402 

polar regions compared to the north polar regions remains [e.g. Hillenbrand and Fütterer, 2002; Wilson et al., 2002]. 403 

Mid-latitude PLIO warming is mostly in the 1-3°C range with notable exceptions of cooling in the northern tropics of 404 

Africa and on the Indian subcontinent, especially south of the Himalayan orogen. The warming in simulation PLIO in 405 

South Alaska and the US Pacific northwest is mostly uniform and in the range of 1-5°C, whereas warming in South 406 

America is concentrated at the Pacific west coast and the Andes between Lima and Chiclayo, and along the Chilean-407 

Argentinian Andes south of Bolivia (≤ 9°C).   408 

Overall, annual mean temperatures in the MH simulation show little deviation from PI values.  The more 409 

significant temperature deviations of the colder LGM and of the warmer PLIO simulations are accentuated at the poles 410 

leading to higher and lower equator-to-pole temperature gradients respectively. The largest temperature-related changes 411 

(relative to PI conditions) in weathering and subsequent erosion are therefore to be expected in the LGM and PLIO 412 

climates. 413 

 414 

4.2 Synthesis of precipitation changes and implications for orogen denudation 415 
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Changes in precipitation affects erosion through river incision, sediment transport, and erosion due to extreme 416 

precipitation events and storms [e.g. Whipple and Tucker, 1999; Hobley et al., 2010]. Furthermore, vegetation type and 417 

cover also co-evolve with variations in precipitation and with changes in geomorphology [e.g. Marston 2010; Roering 418 

et al., 2010]. These vegetation changes in turn modify hillslope erosion by increasing root mass and canopy cover, and 419 

decreasing water-induced erosion via surface runoff [e.g. Gyssels et al., 2005]. Therefore, understanding and 420 

quantifying changes in precipitation in different paleo-climates is necessary for a more complete reconstruction of 421 

orogen denudation histories. A synthesis of predicted precipitation changes is provided below, and highlights regions 422 

where changes in river discharge and hillslope processes might be impacted by climate change over the last ~3 Ma. 423 

Simulated MH precipitation rates show little deviation from the PI in most of the investigated regions, 424 

suggesting little difference in MH precipitation-related erosion. The Himalayan orogen is an exception and shows a 425 

precipitation increase of ≤2000 mm/a. The climate’s enhanced erosion potential, that could result from such a climatic 426 

change, should be taken into consideration when paleo-erosion rates estimated from the geological record in this area 427 

are interpreted [e.g. Bookhagen et al., 2005]. Specifically, higher precipitation rates (along with differences in other 428 

rainfall-event parameters) could increase the probability of mass movement events on hillslopes, especially where 429 

hillslopes are close to the angle of failure [e.g. Montgomery, 2001], and modify fluxes to increase shear stresses exerted 430 

on river beds and increase stream capacity to enhance erosion on river beds (e.g. by abrasion). 431 

Most precipitation on land is decreased during the LGM due to large-scale cooling and decreased evaporation 432 

over the tropics, resulting in an overall decrease in inland moisture transport [e.g., Braconnot et al. 2007]. Coastal North 433 

America, the investigated US Pacific Northwest and the southeastern coast of Alaska are exceptions in that there is 434 

strongly enhanced precipitation of ≤1700 mm/a and ≤2300 mm/a, respectively. Reduced precipitation in other parts of 435 

southern Alaska result in a stronger south-to-north drying gradient than in the PI simulation. This could result in more 436 

regionally differentiated variations in precipitation-specific erosional processes in the St. Elias Range rather than 437 

causing systematic offsets for the LGM. Although precipitation is significantly reduced along much of the Himalayan 438 

orogen (≤1600 mm/a), which is consistent with findings by, e.g., Braconnot et al. [2007], northeast India experiences 439 

strongly enhanced precipitation (≤1900 mm/a). This could have large implications for studies of uplift and erosion at 440 

orogen syntaxes, where highly localized and extreme denudation has been documented [e.g.  Koons et al., 2013; 441 

Bendick and Ehlers, 2014]. 442 

Overall, the PLIO climate is wetter than the PI climate, in particular in the (northern) mid-latitudes, and possibly 443 

related to a northward shift of the northern Hadley cell boundary that is ultimately the result of a reduced equator-to-444 

pole temperature gradient [e.g. Haywood et al. 2000, 2013; Dowsett et al. 2010]. A reduction of this gradient by ca. 5°C 445 

is indeed present in the PLIO simulation of this study (Fig. 2b). Most of the PLIO precipitation over land increases 446 

during the PLIO. This finding agrees well with simulations performed at a lower spatial model resolution [cf. Stepanek 447 

and Lohmann, 2012]. PLIO precipitation significantly increases at the Himalayan orogen by ≤1400 mm/a and decreases 448 

from eastern Nepal to Namcha Barwa (≤2500 mm/a). Most of the Atacama Desert experiences an increase in 449 

precipitation by 100-200 mm/a, which may have to be considered in erosion and uplift history reconstructions for the 450 

Andes. A significant increase (~2000 mm/a) in precipitation from simulation PLIO to modern conditions is simulated 451 

for the eastern margin of the Andean Plateau in Peru and for northern Bolivia. This is consistent with recent findings of 452 

a pulse of canyon incision in these locations in the last ~3 Ma [Lease and Ehlers, 2013]. 453 

Overall, the simulated MH precipitation varies least from PI precipitation. The LGM is generally drier than the 454 

PI simulation, even though pockets of a wetter-than-PI climate do exist, such as much of coastal North America. Extra-455 

tropical increased precipitation of the PLIO simulation and decreased precipitation of the LGM climate may be the 456 

result of decreased and increased equator-to-pole temperature gradients, respectively.  457 

Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2017-47
Manuscript under review for journal Earth Surf. Dynam.
Discussion started: 16 August 2017
c© Author(s) 2017. CC BY 4.0 License.



 

12 

 458 

4.3 Trends in Late Cenozoic changes in regional climatology 459 

This section describes the major changes in regional climatology and highlights their possible implications on 460 

erosion rates. 461 

 462 

Himalaya-Tibet, South Asia 463 

In South Asia, cluster-analysis based categorization and description of climates (Fig. 6) remains similar 464 

throughout time. However, the two wettest climates (C1 and C2) are geographically more restricted to the eastern 465 

Himalayan orogen in the LGM simulation. Even though precipitation over the South Asia region is generally lower, this 466 

shift indicates that rainfall on land is more concentrated in this region and that the westward drying gradient along the 467 

orogen is more accentuated than during other time periods investigated here. While there is limited confidence in the 468 

global Atmospheric General Circulation Model’s abilities to accurately represent meso-scale precipitation patterns [e.g. 469 

Cohen 1990], the simulation warrants careful consideration of possible, geographically non-uniform offsets in 470 

precipitation in investigations of denudation and uplift histories. 471 

MH precipitation and temperature in tropical, temperate and high-altitude South Asia is similar to PI 472 

precipitation and temperature, whereas LGM precipitation and temperatures are generally lower (by ca. 100 mm/a and 473 

1-2°C respectively), possibly reducing precipitation-driven erosion and enhancing frost-driven erosion in areas pushed 474 

into a near-zero temperature range during the LGM.  475 

 476 

Andes, South America 477 

Clusters in South America (Fig. 9), which are somewhat reminiscent of the Köppen and Geiger classification 478 

[Kraus, 2001], remain mostly the same over the last 3 Ma. In the PLIO simulation, the lower-altitude east of the region 479 

is characterized by four distinct climates, which suggests enhanced latitudinal variability in the PLIO climate compared 480 

to PI with respect temperature and precipitation. 481 

The largest temperature deviations from PI values are derived for the PLIO simulation in the (tropical and 482 

temperate) Andes, where temperatures exceed PI values by 5°C. On the other hand, LGM temperatures in the Andes are 483 

ca. 2-4°C below PI values in the same region (Fig 7 g and h). In the LGM simulation, tropical South America 484 

experiences ca. 50 mm/a less precipitation, the temperate Andes receive ca. 50 mm/a more precipitation than in PI and 485 

MH simulations. These latitude-specific differences in precipitation changes ought to be considered in attempts to 486 

reconstruct precipitation-specific paleo-erosion rates in the Andes on top of longitudinal climate gradients highlighted 487 

by, e.g., Montgomery et al. [2001]. 488 

 489 

St. Elias Range, South Alaska 490 

South Alaska is subdivided into two wetter and warmer clusters in the south, and two drier, colder clusters in the 491 

north. The latter are characterized by increased seasonal temperature variability due to being located at higher latitudes 492 

(Fig. 12). The different equator-to-pole temperature gradients for LGM and PLIO may affect the intensity of the Pacific 493 

North American Teleconnection (PNA), which has significant influence on temperatures and precipitation, especially in 494 

southeast Alaska, and may in turn result in changes in regional precipitation and temperature patterns. While this 495 

appears to be a robust feature for the considered climate states, and hence over the recent geologic history, the LGM 496 

sets itself apart from PI and MH climates by generally lower precipitation (20-40 mm) and lower temperatures (3-5°C, 497 

Fig. 10, 11), which may favour frost driven weathering during glacial climate states [e.g. Marshall et al. 2015]. 498 

Simulation PLIO is distinguished by temperatures that exceed PI and MH conditions by ca. 2°C, and by larger 499 
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temperature and precipitation value ranges, possibly modifying temperature- and precipitation-dependent erosional 500 

processes in the region of South Alaska.  501 

 502 

Cascade Range, US Pacific Northwest 503 

In all time slices, the geographic climate patterns, based on the cluster analysis (Fig. 15), represents an increase 504 

in the degree of continentality from the wetter coastal climates to the further inland located climates with greater 505 

seasonal temperature amplitude and lower precipitation and precipitation amplitude (Fig 15 e-h). The most notable 506 

difference between the time slices is the strong cooling during the LGM, when temperatures are ca. 13°C (Fig. 13, 14) 507 

below those of other time periods, possibly leading to enhanced sediment production driven by frost processes, as 508 

proposed for parts of the Pacific Northwest by Marshall et al. [2015]. 509 

 510 

4.4 Conclusions 511 

We present a cluster-analysis-based description of the geographic coverage of possible distinct regional 512 

expressions of climates from four different time slices (Fig. 6, 9, 12, 15). These are determined with respect to a 513 

selection of variables that characterize the climate of the region and may be relevant to weathering and erosional 514 

processes. While the geographical climate patterns remain similar throughout time (as indicated by results of four 515 

different climate states representative for the climate of the last 3 Ma), results for the PLIO simulation suggests more 516 

climatic variability east of the Andes (with respect to near-surface temperature, seasonal temperature amplitude, 517 

precipitation, seasonal precipitation amplitude and seasonal u-wind and v-wind speeds). Furthermore, the wetter 518 

climates in the South Asia region retreat eastward along the Himalayan orogen for the LGM simulation, this is due to 519 

decreased precipitation along the western part of the orogen and enhanced precipitation on the eastern end, possibly 520 

signifying more localised high erosion rates.  521 

Most global trends of the high-resolution LGM and PLIO simulations conducted here are in general agreement 522 

with previous studies [Otto-Bliesner et al., 2006; Braconnot et al., 2007; Wei and Lohmann, 2012; Lohmann et al., 523 

2013; Zhang et al., 2013b, 2014; Stepanek and Lohmann, 2012]. The MH does not deviate notably from the PI, the 524 

LGM is relatively dry and cool, while the PLIO is comparably wet and warm. While the simulated regional changes in 525 

temperature and precipitation usually agree with the sign of the simulated global changes, there are region-specific 526 

differences in the magnitude and direction. For example, the LGM precipitation of the Tropical Andes does not deviate 527 

significantly from PI precipitation, whereas LGM precipitation in the Temperate Andes is enhanced.  528 

The changes in regional climatology presented here are manifested, in part, by small to large magnitude changes 529 

in fluvial and hillslope relevant parameters such as precipitation and temperature. For the regions investigated here we 530 

find that precipitation differences between the PI, MH, LGM, and PLIO are in many areas around +/- 200-600 mm/yr, 531 

and locally can reach maximums of  +/- 1000-2000 mm/yr (Figs. 4, 7, 10, 13). Temperature differences between these 532 

same time periods are around 1-4 °C in many places, but reach maximum values of 8-10 °C. The magnitude of these 533 

differences are not trival, and will likely impact fluvial and hillslope erosion and sediment transport, as well as biotic 534 

and abiotic weathering. The regions of large magnitude changes in precipitation and temperature documented here 535 

(Figs. 4, 7, 10, 13) offer the highest potential for future observational studies interested in quantifying the impact of 536 

climate change on denudation and weathering rates. 537 

 538 

 539 

 540 

 541 
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 548 

Figure Captions 549 

 550 

Figure 1 Topography for regions (a) tropical South Asia, (b) temperate South Asia, (c) high altitude South Asia, (d) 551 

temperate South America, (e) tropical South America, (f) temperate Andes, (g) tropical Andes. 552 

Figure 2 Global PI annual mean near-surface temperatures (a), and deviations of MH, LGM and PLIO annual mean 553 

near-surface temperatures from PI values (b). Units are °C and insignificant (p < 99%) differences (as determined by 554 

a t-test) are greyed out. 555 

Figure 3 Global PI annual mean precipitation (a), and deviations of MH, LGM and PLIO annual mean near-surface 556 

temperatures from PI values (b). Units are mm/yr. 557 

Figure 4 PI annual mean near-surface temperatures (a), and deviations of MH, LGM and PLIO annual mean near-558 

surface temperatures from PI values (b) for the South Asia region. Insignificant (p < 99%) differences (as 559 

determined by a t-test) are greyed out. 560 

Figure 5 PI, MH, LGM and PLIO annual mean precipitation in (a) tropical South Asia, (b) temperate South Asia, and 561 

(c) high-altitude South Asia; PI, MH, LGM and PLIO annual mean temperatures in (d) tropical South Asia, (e) 562 

temperate South Asia, and (f) high-altitude South Asia. For each time slice, the minimum, lower 25th percentile, 563 

median, upper 75th percentile and maximum are plotted. 564 

Figure 6 Geographical coverage and characterization of climate classes C1- C6 based on cluster-analysis of 8 variables 565 

(near surface temperature, seasonal near surface temperature amplitude, total precipitation, seasonal precipitation 566 

amplitude, u-wind in January and July, v-wind in January and July) in the South Asia region. The geographical 567 

coverage of the climates C1- C6 is shown on the left for PI (a), MH (b), LGM (c) and PLIO (d); the complementary, 568 

time-slice specific characterization of C1- C6 for PI (e), MH (f), LGM (g) and PLIO (h) is shown on the right. 569 

Figure 7 PI annual mean near-surface temperatures (a), and deviations of MH, LGM and PLIO annual mean near-570 

surface temperatures from PI values (b) for western South America. Insignificant (p < 99%) differences (as 571 

determined by a t-test) are greyed out. 572 

Figure 8 PI, MH, LGM and PLIO annual mean precipitation in (a) tropical South America, (b) temperate South 573 

America, (c) tropical Andes, and (d) temperate Andes; PI, MH, LGM and PLIO annual mean temperatures in (e) 574 

tropical South America, (f) temperate South America, (g) tropical Andes, and (h) temperate Andes. For each time 575 

slice, the minimum, lower 25th percentile, median, upper 75th percentile and maximum are plotted. 576 
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Figure 9 Geographical coverage and characterization of climate classes C1- C6 based on cluster-analysis of 8 variables 577 

(near surface temperature, seasonal near surface temperature amplitude, precipitation, seasonal precipitation 578 

amplitude, u-wind in January and July, v-wind in January and July) in western South America. The geographical 579 

coverage of the climates C1- C6 is shown on the left for PI (a), MH (b), LGM (c) and PLIO (d); the complementary, 580 

time-slice specific characterization of C1- C6 for PI (e), MH (f), LGM (g) and PLIO (h) is shown on the right. 581 

Figure 10 PI annual mean near-surface temperatures (a), and deviations of MH, LGM and PLIO annual mean near-582 

surface temperatures from PI values (b) for the South Alaska region. Insignificant (p < 99%) differences (as 583 

determined by a t-test) are greyed out. 584 

Figure 11 PI, MH, LGM and PLIO annual mean precipitation (a), and mean annual temperatures (b) in South Alaska. 585 

For each time slice, the minimum, lower 25th percentile, median, upper 75th percentile and maximum are plotted. 586 

Figure 12 Geographical coverage of climate classes C1- C4 based on cluster-analysis of 4 variables (near surface 587 

temperature, seasonal near surface temperature amplitude, total precipitation, seasonal total precipitation amplitude) 588 

in southern Alaska. The geographical coverage of the climates C1- C4 is shown on the left for PI (a,), MH (b), LGM 589 

(c) and PLIO (d); the complementary, time-slice specific characterization of C1- C6 for PI (e), MH (f), LGM (g) and 590 

PLIO (h) is shown on the right. 591 

Figure 13 PI annual mean near-surface temperatures (a), and deviations of MH, LGM and PLIO annual mean near-592 

surface temperatures from PI values (b) for the US Pacific Northwest. Insignificant (p < 99%) differences (as 593 

determined by a t-test) are greyed out. 594 

Figure 14 PI, MH, LGM and PLIO annual mean precipitation (a), and annual mean temperatures (b) in the Cascades, 595 

US Pacific Northwest. For each time slice, the minimum, lower 25th percentile, median, upper 75th percentile and 596 

maximum are plotted. 597 

Figure 15 Geographical coverage and characterization of climate classes C1- C4 based on cluster-analysis of 4 variables 598 

(near surface temperature, seasonal near surface temperature amplitude, total precipitation, seasonal total 599 

precipitation amplitude) in the Cascades, US Pacific Northwest. The geographical coverage of the climates C1- C4 is 600 

shown on the left for PI (a), MH (b), LGM (c) and PLIO (d); the complementary, time-slice specific characterization 601 

of C1- C6 for PI (e), MH (f), LGM (g) and PLIO (h) is shown on the right. 602 
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