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Abstract 

Temperature-index modeling is used to determine the magnitude of temperature depression on the Blanca 

Massif, Colorado, required to maintain steady-state mass balances of nine reconstructed glaciers at their 

extent during the Last Glacial Maximum (LGM). The mean temperature depression thus determined is 

~8.6 +0.7/–0.9 °C where the uncertainties account for those inherent in the glacier reconstructions, in 

model parameters (e.g. melt factors), and possible modest changes in LGM precipitation. Associated 

equilibrium-line altitudes (ELAs) exhibit a statistically significant directional dependency being lower 

toward the north and east. Under the assumption that regional temperature change was uniform, required 

changes in precipitation vary systematically – also exhibiting a directional dependency coinciding with 

that in ELAs – and indicate increases (over modern) occurred on the eastern side of the massif while 

decreases occurred on the western side. This disparity represents a strengthening of a precipitation 

asymmetry, particularly winter precipitation, that exists today. The modern precipitation asymmetry may 

be a consequence of snow being blown over to the eastern side of the massif (advective transport) by 

southwesterly flow. Intensification of this flow during the LGM would have enhanced advection, and 

augmented snow accumulation on glaciers, thus explaining the lower ELAs and increased precipitation on 

that side of the massif. 

Keywords: Last Glacial Maximum; paleoclimate; temperature-index model; Blanca Massif; Sangre de 

Cristo Mountains; Colorado  

1.0 Introduction 

Estimates of temperature change during the Last Glacial Maximum (LGM) based on mass balances 

and/or equilibrium-line altitudes (ELAs) of paleoglaciers have contributed to our current understanding of 

Late Pleistocene climate in the Colorado Rocky Mountains [1-8]. These estimates, however, generally 

assume either no significant change in LGM precipitation from modern values or assume arbitrary 

departures, the latter often to assess the sensitivity of inferred temperature depressions. This shortcoming 

arises from both the lack of precipitation proxies in the region, and the fact that the region commonly lies 

along a transition from wetter to drier LGM conditions indicated in large-scale paleoclimate modeling 

(e.g. the Paleoclimate Modelling Intercomparison Project, PMIP [9]). Moreover, broader regional trends 

in paleoclimate (especially precipitation) are potentially complicated by topographic and meteorological 

settings that would have affected local energy and mass balances of glaciers. Thus vexing questions 
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remain: how did LGM precipitation, precipitation patterns, and associated moisture transport differ from 

the present? 

The significance of the answers to this question goes beyond the determination of LGM temperature 

change. They carry with them implications for changes in atmospheric circulation and hydroclimate 

during a time of extreme climate change that are not fully understood [9-17]. In turn, a better 

understanding of overall climate dynamics during the LGM strengthens our ability to test the skills of 

climate models used to project future climate change [18,19].  

This paper follows a prior regional study in which Refsnider et al. [3] concluded that paleo-ELAs 

were consistently lower on the eastern side of the Sangre de Cristo Mountains in Colorado where 

precipitation is today enhanced by southeasterly derived moisture during late winter/early spring. The 

narrower focus here is to estimate LGM temperature depression based on temperature-index modeling of 

steady-state mass balances of paleoglaciers on the Blanca Massif (also in the Sangre de Cristo Mountains 

of Colorado, Fig. 1) in order to further assess possible changes in precipitation and the respective roles of 

different moisture sources and aspect in driving glaciation on the massif. In particular, we show that (1) 

an east-west precipitation asymmetry exists today across the massif that can be characterized using 

precipitation anomalies (i.e. residuals after the elevation dependence of precipitation is removed); (2) 

these anomalies show a statistically significant directional dependence, as do the ELAs of paleoglaciers; 

(3) LGM temperatures were ~8.6 +0.7/–0.9 °C assuming no significant changes in precipitation; and (4) 

under the assumption of uniform temperature depression over the massif, the existing precipitation 

asymmetry must have been strengthened in order to maintain glaciers at their LGM extents. The latter 

suggests increased moisture transport to the northeastern and eastern sides of the massif during the 

accumulation season, and possible concomitant decreased moisture delivery to the western side.      

2. Regional Setting 

2.1 Geologic and Geomorphic Setting 

The Sangre de Cristo Mountains form a prominent narrow, fault-bounded range that extends from 

southern Colorado to northern New Mexico trending NNW-SSE (Fig. 1). The structural evolution of the 

range itself is largely due folding and thrust faulting during the Laramide Orogeny (ca. 80-40 Ma). The 

mountains are now bounded on the west by the Rio Grande Rift system that became active locally during 

the Neogene or the late Paleogene [20,21], and is, in Colorado, geomorphically expressed as the San Luis 

Valley. On the east, the mountain front is adjacent to the Wet Mountain Valley that is a down-faulted 

block (graben) of comparable age [22]. To the north the mountains are predominantly deformed late 

Paleozoic sedimentary rocks commonly in fault contact with fringing Proterozoic gneisses and some 

granitoid bodies and rocks of early Paleozoic age [23,24]. To the south, the Blanca Massif is essentially 

composed entirely of the Proterozoic gneisses. 
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The crest of the Colorado portion of the range from its northern extent to the Blanca Massif averages 

~3650 m a.s.l. with several summit elevations exceeding 4000 m, Blanca Peak being the highest at 4372 

m.  Mountain fronts are steep with relief varying between approximately 1000 and 1700 m, relief tending 

to be greater on the western flank. The Huerfano Valley on the northeast side of the massif (Figure 1) 

forms a conspicuous embayment in the linear trend of the Sangre de Cristo Mountains, possibly reflecting 

right-stepping basement faults [22]. Features of alpine glacial erosion and deposition are abundant in 

many valleys. Valley mouths have subsequently been deeply incised by streams in response to ongoing 

tectonism and are fronted by well-developed alluvial fans with surfaces indicating multiple stages of 

development [25,26]. 

2.2 Modern Climatology 

No meteorological stations are located on the Blanca Massif proper, thus in this study climate is 

characterized by the PRISM gridded climatology (Parameter-elevation Regressions on Independent 

Slopes Model; http:/www.prism.oregonstate.edu; [27]), specifically the 1981-2010 normals with a 

resolution of ~800 m. Accordingly mean annual temperatures (MATs) on the floors of the San Luis and 

Wet Mountain Valleys are ~ 6 °C and ~4 °C respectively. MATs at the highest summits on the massif are 

slightly lower than about –2 °C. Not surprisingly, Figure 2a shows that PRISM MATs are strongly 

dependent on elevation with virtually no difference (≤ 0.3 °C) on opposite sides of the massif for a given 

elevation (Fig. 3a).  

 
Figure 1. Location map of the Blanca Massif within the Sangre de Cristo Mountains in Colorado. MPS and UCS 

are the locations of the Medano Pass and Ute Creek SNOTEL sites respectively. Glacier outlines shown 

schematically - see Figure 4 for details. The red and white dashed line delineates the range crest in the north and 

defines the eastern and western sides of the massif as defined in this study. 

Mean annual precipitation (MAP) varies from ~45 cm at the lowest elevations along the western flank 

of the massif to over 90 cm near ridgelines, and higher precipitation persists toward the east (Fig. 2b). 
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Thus MAP values, while being somewhat dependent on elevation, clearly show that the eastern side the 

Blanca Massif receives disproportionately more precipitation (Fig. 3b). This asymmetry is shown 

explicitly as a precipitation anomaly in Figures 2c where the elevation dependency has been removed (i.e. 

the residual from the regression of precipitation on elevation). Anomalies in MAP over the individual 

areal extents of the paleoglacier (i.e. clipped) are shown in Figure 3c. Precipitation also shows a distinct 

seasonal bimodality (Fig. 3d) with peaks in spring (March/April) and late summer (August) at lower 

elevations (< ~3300 m). An analysis of PRISM monthly precipitation values indicates that on average, 

precipitation during the months of March and April accounts for 40 ± 2.5% (n = 182) of total precipitation 

during the “accumulation season,” defined here as the seven months from October to April. The spring 

peak is subordinate to that in summer at lower elevations, however at higher elevations it is slightly more 

prominent than the summer peak. Moreover, at the highest elevations (> ~3500 m) a third minor, 

November peak in precipitation occurs.  

 

Figure 2. Modern climate on the Blanca Massif based on the PRISM gridded climatology. (a) Mean annual 

temperatures (MAT). (b) Mean annual precipitation (MAP). (c) Precipitation anomalies defined by the residual 

between PRISM MAP values and those based on a regression of precipitation on elevation (r2 = 0.93, p < 0.0001, n 

= 182). (d) Similarly defined precipitation anomalies for the accumulation season (October through April; r2 = 

0.94, p < 0.0001, n = 182). White triangle is Blanca Peak. The red and white dashed line delineates the range crest 

in the north and defines the eastern and western sides of the massif as defined in this study.  
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For the temperature-index modeling pursued in this work, the most significant trends in precipitation 

are those occurring in the accumulation season. Figure 2d shows the anomalies in precipitation over the 

study area during the accumulation season (again a residual from regression). For that season, it is clear 

that the east flank of the massif experiences greater than average precipitation for a given elevation while 

the western slope receives less than average (Figs. 3b and 3e). East-west differences in precipitation are 

essentially equal in annual and accumulation season precipitation (averaging ~9 cm; Fig. 3b). 

Precipitation during the “ablation season” (May through September) is virtually identical on both sides of 

the massif. This, combined with the striking similarity in both the pattern and magnitude of precipitation 

anomalies (cf. Fig 2c and 2d), implies that the asymmetry in MAP is largely a result of differences in 

precipitation during the accumulation season. Figure 3c reveals that for means over individual glacier 

areas, the anomalies in the accumulation season precipitation are more positive/less negative than those in 

MAP. This trend is reversed during the ablation season (i.e. anomalies during this season are less 

positive/more negative). Figure 3c also hints at a directional dependence of the anomalies (discussed 

subsequently in section 5.1) as positive anomalies occur in valleys wherein the dominant direction of 

glacial flow was in the direction of one of the (compass) octants north through southeast, whereas

 1 
Figure 3. Similarities and differences in (a) mean annual temperatures MAT, (b) mean annual, accumulation 2 
season, and ablation season precipitation on the eastern and western side of the Blanca Massif exemplified by the 3 
Little Ute and Pioneer valleys. (c) Mean precipitation anomalies over individual glacier areas plotted against the 4 
direction of glacier flow in the main valley. (d) Monthly distribution of precipitation at two elevations in the Little 5 
Ute and Pioneer valleys. (e) Monthly contributions to accumulation season precipitation anomaly along an east-6 
west transect through the summit of Blanca Peak. 7 
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negative anomalies occur in valleys in which flow was in the direction of one of the south through 8 

northwest octants.  9 

This contrast between precipitation during the accumulation season on the eastern and western slopes 10 

of the Sangre de Cristo Mountains in Colorado was recognized previously by Refsnider et al. [3] who 11 

attributed the asymmetry to seasonal changes in synoptic weather patterns. A more detailed discussion of 12 

regional climate can be found therein and is summarized here. Mid- to late summer precipitation (seen as 13 

the August peak) is associated with the North American monsoon [28] that brings moisture from both the 14 

Gulf of California and Gulf of Mexico. In the fall to early winter, the prevailing westerlies bring Pacific-15 

derived moisture to the region [29,30], and when wind speeds are sufficiently high snow can be blown 16 

over to the lee (east) side of the range, thus possibly contributing to the precipitation asymmetry [30]. 17 

Subsequently during late winter and early spring, cyclonic flow of storms tracking to the south of the 18 

study area draws in moisture-laden air masses sourced from the Gulf of Mexico [30-32]. As this moist air 19 

encounters the Sangre de Cristo Mountains, the first major orographic barrier, southeasterly upslope flow 20 

can result in heavier precipitation (commonly snowfall) at higher elevations, presumably reflected in the 21 

March-April peak. However, precipitation during the months of November, December, and February 22 

appear to make the largest contribution to the positive anomalies during the accumulation season on the 23 

eastern slopes (Fig. 3e).  24 

2.3 Timing of the local LGM 25 

A numerical glacial chronology has not been developed for the Blanca Massif, thus the exact timing 26 

of the local LGM is not known. However, cosmogenic 10Be exposure ages of boulders on terminal 27 

moraines in three valleys in the Sangre de Cristo Mountains approximately fifty kilometers north of the 28 

study area indicate glaciers were at or near their maximum extents at ~21 ka [6]. Hence given these ages 29 

and the apparent overall regional synchroniety of glacial advances in the adjacent Sawatch Range [33-35] 30 

and Mosquito Range [7], we assume LGM glacial advances on the Blanca Massif were essentially coeval. 31 

3.0 Materials and Methods 32 

3.1 Glacier reconstruction 33 

The LGM extents and geometries of nine paleoglaciers (Fig. 4) on the Blanca Massif were 34 

reconstructed by varying combinations of field mapping of features of glacial erosion and deposition, 35 

examination of topographic maps and digital elevation models, surficial and geologic maps [36,37], and 36 

the use of Google Earth® imagery. In several valleys on the eastern side of the massif, constraints 37 

imposed by land ownership and inaccessibility precluded field mapping and/or ground truthing. Thus 38 

uncertainties in glacier extents determined “remotely” were deemed significant and therefore these 39 

glaciers are not used in this study but shown schematically in Figure 4 as the Ute Creek Glacier Complex 40 

for completeness. 41 
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Once glacier extent was determined, ice surface contours were reconstructed by considering ice 42 

limits, flow patterns delineated by large-scale erosional forms (e.g. valley trends, streamlined bedrock, 43 

roche moutonnées), and general convergent and divergent flow in the accumulation and ablations area 44 

respectively. Contours were adjusted iteratively so that reconstructed ice surface slopes were sub-parallel 45 

to those of the valley and to ensure driving stresses  were between 50 and 200 kPa, values typically 46 

associated with modern glaciers [38]. Stresses were calculated using: 47 

 𝜏 =  𝑆ƒ𝜌𝑔ℎ 𝑠𝑖𝑛𝛼 (1) 48 

where  is the density of ice, g is gravitational acceleration, h is ice thickness,  is the slope of the ice 49 

surface, and Sƒ is a shape factor to account for drag of the valley sides [39]. The surface slope was 50 

averaged over distances of 10h to account for longitudinal stress gradients [38, 40].  51 

 52 
Figure 4. Reconstructed glaciers on the Blanca Massif at their maximum LGM extents. White triangle is Blanca 53 
Peak. The red and white dashed line delineates the range crest in the north and defines the eastern and western 54 
sides of the massif as defined in this study. 55 

3.1 Temperature-index modeling 56 

The version of the temperature-index model (TM) used here is that used by Brugger et al. [7,8]. In 57 

brief, the TM is used to find the temperature and/or precipitation changes required to maintain steady-58 
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state mass balances of the paleoglaciers for their LGM extents. In theory, glaciers in steady-state with 59 

exiting climate will have a net mass balance Bn equal to zero; that is averaged over some years and over 60 

its surface area the glacier is neither gaining nor losing mass. The annual variation of the specific net 61 

mass balance (i.e., at a point) with elevation z is simulated by 62 

 𝑏𝑛(𝑧) = ∫ (𝑃𝑠(𝑡, 𝑧) +  𝑀(𝑡, 𝑧))
𝑡2

𝑡1
𝑑𝑡  (2) 63 

where Ps(t,z) is the rate of snow accumulation, M(t,z) the rate of snow or ice melt (ablation) over the 64 

glacier’s surface during the interval t1 to t2 (the hydrologic year).  In the model Equation (2) is 65 

numerically integrated over a monthly time-scale to yield monthly melt that is then combined with 66 

monthly precipitation and then integrated over the hydrologic year. 67 

Daily melt is calculated using a melt (or degree-day) factor mƒ that empirically relates ablation to 68 

mean daily air temperature Td(t,z):  69 

 𝑀(𝑧, 𝑡) = {
𝑚ƒ𝑇𝑑(𝑡, 𝑧)        𝑇𝑑(𝑡, 𝑧) > 𝑇𝑚 

0                       𝑇𝑑(𝑡, 𝑧) ≤ 𝑇𝑚
 (3) 70 

where Tm is a threshold temperature above which melting occurs. Empirical approaches to modeling ice 71 

and snow melt have the advantage of requiring fewer meteorological data than do energy-balance models 72 

and have demonstrated success in simulating longer-term ablation over larger spatial scales [41-43].  73 

The simulations presented here used a melt threshold temperature Tm of +1 °C, but also 0 °C in 74 

sensitivity analyses. Both values are commonly used in temperature-index models (e.g. [43,44]. Melt 75 

factors mƒ for snow and ice are taken as 0.45 and 0.80 cm water equivalent (w.e.) d-1 °C-1, and in 76 

subsequent sensitivity analyses allowed to vary by ±0.2 cm w.e. d-1 °C-1. These values and ranges were 77 

chosen because they (1) sufficiently bracket the medians �̃� and interquartile ranges IQR of values 78 

determined for melt on relatively debris-free ice and snow surfaces on modern glaciers in a variety of 79 

climatic settings (respectively �̃� = 0.67, IQR = 5.6 to 7.9 cm w.e. d-1 °C-1, n = 92 and �̃� = 0.40, IQR = 3.2 80 

to 4.6 cm w.e. d-1 °C-1, n = 61; see Supplementary Material), and more specifically (2) allow direct 81 

comparison of our results with previous estimates of temperature depression in the Colorado Rocky 82 

Mountains that used the same values in temperature-index approaches [4,7,8]. Spatial and temporal 83 

variations of mƒ on individual glaciers have been observed [45,46] but are treated as constants in the 84 

present application. Initally mƒ is assigned a value for snow but changes to that of ice when snowmelt 85 

exceeds seasonal accumulation. 86 

Calculation of daily air temperature follows Brugger et al. [8]: 87 

 𝑇𝑑(𝑧, 𝑡) =  [𝐻(𝑧) [
1−cos((

2𝜋𝑑

365
)−𝜙)

2
]

𝑘

− 𝑇𝑗𝑎𝑛(𝑧)] − ∆𝑇 (4) 88 
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where H(z) is the magnitude of the yearly temperature variation, d is the day of the year,  is the phase lag 89 

(= 0.359 rads), and Tjan(z) is the mean January temperature at elevation z based on the January lapse rate 90 

obtained by PRISM climate data, and ∆T is a prescribed perturbation of mean annual temperature (i.e. 91 

LGM temperature depression). The exponent k, a tuning parameter, determines the sharpness of the 92 

temperature curve and is fitted to minimize the difference between simulated and PRISM monthly 93 

temperatures during the ablation season. Daily air temperatures are then used to calculate melt according 94 

to Equation (3), and daily melt is then summed for each month. H(z), Tjan(z), and k are specific for each 95 

glaciated valley. 96 

Ps(t,z) is determined by:  97 

 Ps(t,z) = ƒ(Pmod(t,z) + F) (5) 98 

where Pmod(t,z) is the modern precipitation, ƒ is a partitioning function that determines what fraction of 99 

monthly precipitation falls as snow based on monthly air temperature, and F is a prescribed change in 100 

precipitation (i.e. assumed changes in precipitation during glaciation). Values for Pmod(t,z) are calculated 101 

from individual monthly fractions of the respective (quasi-) seasonal totals (winter - December, January, 102 

February; spring - March, April, May; summer - June, July, August; fall - September, October, 103 

November) and corresponding vertical precipitation gradients. Seasonal precipitation in each glaciated 104 

valley derived from the PRISM data follows a linear trend with elevation with the exceptions for the 105 

Huerfano and Little Ute Valleys where elevational dependence of seasonal precipitation was better 106 

described using a piecewise linear spline. The partitioning function ƒ (Fig. 5) is defined by the best fit (r2 107 

= 0.99, n = 24) from data at two SNOTEL sites (nrcs.usda.gov) immediately outside the study area (Fig. 108 

1). 109 

 110 

Figure 5. Snow to rain ratio (both in w.e.) recorded at two SNOTEL sites close to the study area and a best fit 111 
function. Values represented by open symbols were truncated at 1.0 as snow precipitation exceeded total 112 
precipitation (i.e. ratios > 1.0) owing to excess accumulation due to wind drift.  113 
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4.0 Results 114 

4.1 Glacier reconstruction and ELA determination 115 

The nine glacier reconstructions are shown in Figure 4 and an overview of their characteristics is 116 

given in Table 1. With due consideration of the uncertainties associated with the glacier complex on the 117 

eastern side of the massif that was not reconstructed, it is clear that the eastern side was more glaciated, in 118 

terms of the areal extent of ice cover and/or glacier length. Glaciers on the western and southern slopes, 119 

with the sole exception of the Zapata glacier, occupy single narrow and steep valleys. Despite having 120 

minimal average ice thicknesses, flow in several valleys (Ikes, Barbara, and Tobin) was driven by steep 121 

ice surface slopes paralleling those in the bedrock valley. 122 

ELAs for the paleoglaciers (Table 1) were determined using the accumulation-area ratio (AAR) 123 

assuming the accumulation area represents 0.65 ± 0.05 of the glaciers total area [47,48] to be internally 124 

consistent, and to be consistent with other estimates in the Sangre de Cristo Mountains [3]. However, 125 

alternative estimates for ELAs are reported in Table 1 in recognition that AARs might be dependent on 126 

glacier area, specifically 0.54 for glacier areas of 1-4 km2 and 0.44 for glacier areas < 1 km2 [49].   127 

Irrespective of the ratio used, AAR-derived ELAs show a systematic trend in with respect to the main 128 

flow direction of the glaciated valley (Fig. 6a). ELAs are lowest in the north flowing Huerfano glacier and 129 

southeast flowing Little Ute glacier and show an overall consistent rise for glaciers having more 130 

southward to westward flow directions.  131 

Table 1. Surface area, length, mean and maximum thickness, driving stresses, and AAR-derived ELAs of reconstructed glaciers. 132 

Glacier Area Length, km* Average ice Maximum ice Driving stresses, AAR-derived 133 
 km2 km thickness, m*† thickness m*† kPa** ELA, m† 134 
 AAR = 0.65 0.54 0.44 135 

Huerfano 17.84 11.9 150 250 89-121 3425 na na 136 
Little Ute 9.32 8.1 70 130 72-138 3425 na na 137 
Ikes 0.84 2.7 25 55 52-88 3480 na 3525 138 
Barbara 0.65 2.3 20 55 76-150 3480 na 3560 139 
Blanca 3.06 6.2 60 130 99-148 3470 3615 na 140 
Tobin 1.53 4.2 35 80 46-142 3505 3590 na 141 
Holbrook 3.63 7.4 60 125 56-116 3505 3615 na 142 
Pioneer 2.45 5.9 55 100 64-109 3515 3610 na 143 
Zapata 5.46 7.4 55 100 51-101 3550 na na 144 

* Longest flow line where applicable 145 
† Nearest 5 m 146 
** Calculated at a number of ice surface contours    147 

4.2 Temperature-index modeling: model skill 148 

Two metrics were used to assess model skill: simulation of modern climate, and simulation of modern 149 

snowpack evolution. The first determines how well the model duplicates the average temperatures and 150 

precipitation given by the PRISM gridded climatology at specified elevations. Average PRISM values are 151 
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those derived from a number of spot locations over the aerial extent of each glacier (i.e. the clipped area), 152 

the number of locations varying with glacier area and range in elevation. A Nash-Sutcliffe efficiency 153 

(NSE) criteria quantified the agreement between monthly simulated and PRISM values, 154 

       𝑁𝑆𝐸 = 1 −
∑ (𝑋𝑠𝑚−𝑋𝑃𝑚)

212
𝑚=1

∑ (𝑋𝑠𝑚−�̿�𝑃)
212

𝑚=1

 (6) 155 

where X is the climatological variable of interest, the subscripts s and P refer to simulated and PRISM 156 

values respectively, and the overbar indicates the mean yearly value. NSE values approaching one suggest 157 

a strong predictive skill of the model.  158 

Table 2 indicates that the model simulates modern climate in the nine valleys studied quite well. On 159 

average, modeled MATs differ from the corresponding clipped PRISM values by 0.1 ± 0.1 °C. Similarly, 160 

the average difference between modeled MAPs and PRISM values 1.0 ± 0.8 cm.  More critical for mass 161 

balance modeling of the paleoglaciers is how well the model simulates temperatures during the ablation 162 

season (May-September) and precipitation during the accumulation season (October-April). The average 163 

difference between simulated and PRISM temperatures during the ablation season is 0.3 ± 0.5 °C The 164 

largest difference is at 3900 m in the Tobin valley where the simulated temperature is 1.4 °C too warm.165 

 166 

Figure 6. (a) Variations of AAR-derived ELAs and those for steady-state mass balance (SSMB) of the paleoglaciers 167 
with respect to the flow direction in the main valley. Uncertainties in ELAs derived using an AAR of 0.65 reflect a 168 
±0.05 in AAR.  See text and Table 1 for explanation of alternative estimates of AAR-derived ELAs where applicable. 169 
(b) Required temperature depression for assumed changes in LGM precipitation. Uncertainties in temperature 170 
depression assuming no change in LGM precipitation reflect those in the melt factors. Note values for Huerfano 171 
glacier are shown twice to help visualize directional dependence. 172 
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Table 2. Comparison of modeled modern temperature and precipitation with PRISM values at select elevations in 173 
the study area. Percentages are rounded to nearest whole number or noted when less than one percent. Elevation 174 
ranges shown account for ≥ 90% of glacier areas. Values in bold are most significant in terms of modeling 175 
paleoglacier mass balances. 176 

 Huerfano        Little Ute 177 
          178 
Elevation (n) 3000 (6) 3300 (5) 3600 (12) 3900 (9) 3000 (4) 3300 (7) 3600 (10) 3900 (7) 179 
Modeled MAT 4.3 2.3 0.2 -10.8 4.1 2.2 0.2 -1.8 180 
PRISM MAT 4.1 2 0 -10.7 4.1 2.2 0.1 -2.0 181 
Difference (+ simulation too warm)  0.2 0.3 0.2 0 0 0 0 0.2 182 
Mean, standard deviation monthly differences 0.1 ± 0.6 0.2 ± 0.7 0.1 ± 0.7 0.3 ± 0.6 0.1 ± 0.6 0.1 ± 0.6 0.0 ± 0.7 0.1 ± 0.6 183 
Cumulative difference in T ablation season 0.3 -0.4 -0.6 0.8 0.4 -0.3 -0.4 1.1 184 
NSE 0.992 0.990 0.990 0.990 0.993 0.993 0.992 0.993  185 
          186 
Modeled MAP, cm 60.8 75.9 87.9 94.4 60.2 76.6 91.8 97.7 187 
PRISM MAP, cm 61.6 75.3 87.7 94.3 59.5 76.3 91.7 97.1 188 
Difference (+ simulation too wet) -0.3 0.6 0.1 0.1 0.7 0.3 0.0 0.6 189 
Mean, standard deviation monthly differences, cm 0.1 ± 0.3 0.1 ± 0.2 0.0 ± 0.2 0.0 ± 0.3 0.1 ± 0.3 0.0 ± 0.2 0.0 ± 0.2 0.1 ± 0.2 190 
Cumulative difference in P accumulation season, cm (%) 0.5 (1.5) 0.8 (1.8) -0.3 (-0.5) -0.6 (-1.0) 1.3 (3.9) 0.8 (1.7) -0.2 (-0.4) -0.4 (-0.6) 191 
NSE 0.964 0.992 0.987 0.977 0.933 0.987 0.995 0.988 192 
 193 
 Pioneer        Holbrook 194 
          195 
Elevation (n) 3000 (3) 3300 (3) 3600 (3) 3900 (3) 3000 (3) 3300 (4) 3600 (4) 3900 (4) 196 
Modeled MAT 3.9 2.0 0.0 -2.0 3.8 1.9 0.0 -1.9 197 
PRISM MAT 4.1 1.9 0.0 -2.2 4.0 2.0 0.0 -2.2 198 
Difference (+ simulation too warm)  -0.1 0.1 0.0 0.2 -0.2 -0.1 0.0 0.3  199 
Mean, standard deviation monthly differences 0.2 ± 0.6 0.0 ± 0.7 0.0 ± 0.6 0.1 ± 0.6 -0.2 ± 0.6 -0.1 ± 0.7 0.0 ± 0.7 0.2 ± 0.6 200 
Cumulative difference in T ablation season -0.5 -0.1 -0.6 1.0 -0.4 -0.7 -0.6 1.3 201 
NSE 0.992 0.992 0.992 0.993 0.992 0.992 0.992 0.992 202 
          203 
Modeled MAP, cm 53.9 68.3 82.8 97.2 55.7 70.2 84.7 99.2  204 
PRISM MAP, cm 53.9 70.2 82.1 98.8 54.1 70.9 85.3 99.2  205 
Difference (+ simulation too wet) 0.0 -1.9 0.6 -1.6 1.6 -0.7 -0.6 -0.2  206 
Mean, standard deviation monthly differences, cm 0.0 ± 0.5 -0.2 ± 0.3 0.1 ± 0.2 -0.1 ± 0.3 0.1 ± 0.5 -0.1 ± 0.2 0.0 ± 0.2 0.0 ± 0.5 207 
Cumulative difference in P accumulation season, cm (%) 1.9 (7.1) -1.5 (-3.7) 0.1 (0.3) -2.3 (-3.7) 2.8 (11) -0.6 (1.4) -1.2 (-2.2) -1.3 (-2.1) 208 
NSE 0.929 0.961 0.993 0.956 0.924 0.986 0.986 1.000  209 
  210 
 Zapata        Blanca Creek 211 
          212 
Elevation (n) 3000 (3) 3300 (3) 3600 (6) 3900 (6) 3000 (3) 3300 (4) 3600 (5) 3900 (4) 213 
Modeled MAT 3.9 1.9 0.0 -2.0 3.9 2.1 0.2 -1.7 214 
PRISM MAT 4.0 2.0 0.0 -2.2 4.1 2.0 0.1 -2.1 215 
Difference (+ simulation too warm)  -0.1 -0.1 0.0 0.2 -0.1 0.1 0.1 0.3 216 
Mean, standard deviation monthly differences -0.1 ± 0.6 -0.1 ± 0.7 -0.1 ± 0.6 0.2 ± 0.6 -0.2 ± 0.6 0.0 ± 0.7 0.0 ± 0.7 0.3 ± 0.6 217 
Cumulative difference in T ablation season 0.0 -0.2 -0.8 1.1 -0.3 -0.4 -0.7 1.1 218 
NSE 0.992 0.992 0.992 0.993 0.993 0.992 0.992 0.991 219 
          220 
Modeled MAP, cm 55.9 69.3 82.7 96.1 60.4 72.8 85.2 97.6 221 
PRISM MAP, cm 52.9 71.8 85.7 94.3 58.4 72.3 87.5 97.6 222 
Difference (+ simulation too wet) 2.9 -2.5 -3.0 1.8 1.9 0.4 -2.3 -0.1 223 
Mean, standard deviation monthly differences, cm 0.2 ± 0.5 -0.2 ± 0.3 -0.2 ± 0.2 0.2 ± 0.3 0.2 ± 0.4 0.0 ± 0.2 -0.2 ± 0.2 0.0 ± 0.4 224 
Cumulative difference in P accumulation season, cm (%) 3.5 (14) -1.6 (-3.9) -2.2 (-4.3) 0.5 (0.9) 2.7 (8.9) 0.7 (1.6) -2.1 (-3.9) -1.1 (-1.8) 225 
NSE 0.921 0.961 0.975 0.973 0.909 0.983 0.977 0.970 226 
  227 
 Ikes   Tobin   Barbara tributary 228 
     (glacier areas, elevation ranges small)       229 
Elevation (n) 3300 (1) 3600 (2) 3300 (3) 3600 (4) 3900 (2) 3300 (3) 3600 (3) 3900 (1) 230 
Modeled MAT 2.1 0.2 2.0 0.1 -1.7 2.2 0.2 -1.7 231 
PRISM MAT 2.1 0.1 2.1 0.0 -2.0 2.1 0.1 -2.1  232 
Difference (+ simulation too warm)  0.0 0.1 -0.1 0.1 0.3 0.1 0.1 0.3 233 
Mean, standard deviation monthly differences 0.0 ± 0.6 0.0 ± 0.6 -0.1 ± 0.7 0.0 ± 0.6 0.3 ± 0.6 0.0 ± 0.6 0.1 ± 0.6 0.2 ± 0.6 234 
Cumulative difference in T ablation season -0.3 0.1 -0.5 -0.3 1.4 0.5 -0.3 0.9 235 
NSE 0.993 0.991 0.992 0.993 0.992 0.994 0.992 0.991 236 
          237 
Modeled MAP, cm 72.9 85.7 68.0 81.3 94.6 73.2 83.7 94.2 238 
PRISM MAP, cm 73.4 85.6 67.1 83.0 94.0 73.8 84.4 92.4 239 
Difference (+ simulation too wet) -0.5 0.7 0.9 -1.7 0.6 -0.5 -0.7 1.8 240 
Mean, standard deviation monthly differences, cm 0.0 ± 0.4 0.1 ± 1.9 0.1 ± 0.2 -0.1 ± 0.1 0.0 ± 0.3 0.0 ± 0.1 0.1 ± 0.0 0.2 ± 0.2 241 
Cumulative difference in P accumulation season, cm (%) -0.2 (-0.6) 0.0 (-0.5) 1.0 (2.6) -1.5 (-3.0) -0.4 (-0.6) -0.1 (-0.2) -0.5 (1.0) 0.7 (1.2) 242 
NSE 0.998 0.996 0.987 0.990 0981 0.995 0.998 0.982 243 
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Notably, this reflects a tendency for the model to consistently simulate temperatures slightly warmer than 244 

those indicated by the PRISM climatology at that same elevation in all valleys. For the purposes of 245 

modeling mass balances, this is not overly concerning because (1) these disparities are not large; (2) LGM 246 

temperature depressions (see the following) are of such magnitudes that preclude melting at high 247 

elevations; and (3) the cumulative area above 3900 m is for most paleoglaciers less than ~15% of total 248 

glacier area (the exception is the Holbrook paleoglacier for which 20% of its area lies above 3900 m).  249 

The average difference between simulated and PRISM precipitation during the accumulation season 250 

is 1.0 ± 0.9 cm. This corresponds to an average difference of 2.9 ± 3.2% in the total accumulation at each 251 

site. The largest difference is an overestimate of 3.5 (14%) cm at 3000 m in the Zapata valley. Nash-252 

Sutcliffe efficiency (NSE, Table 2) coefficients are very high (> 0.95) which is not surprising in view of 253 

the fact that the PRISM values from each valley form the basis for the regressions for temperature and 254 

precipitation as a function of elevation. Because the regressions, and not the PRISM values directly, are 255 

used in the model, we take NSE values as an indication of how well the regressions capture local PRISM 256 

climatology in each valley. 257 

The second approach to evaluating model skill was to compare model modern snowpack evolution to 258 

that recorded at SNOTEL sites (1981-2010 normals) in the Ute Creek valley and Medano Pass ((3246 m 259 

and 2941 m; respectively; Fig. 1). As in the glaciated valleys studied, parameterization of the TM used 260 

PRISM climatology and was specific to each valley. In comparing, it must be emphasized that the 261 

PRISM-based TM temperature and precipitation values reflect a more regional picture while SNOTEL 262 

values can suffer from the influence of microclimate (or topoclimate) such as local radiation balances, 263 

vegetative cover, precipitation under- or overcatch (especially snow drift), sensor bias, inconsistencies in 264 

sensor placement and measuring protocols, and so forth [50-57]. Furthermore, rain-on-snow events can 265 

add to water to the snowpack, yielding an overestimate of snow water equivalent [56,57]. Thus departures 266 

from PRISM, hence simulated values might be expected.  267 

For the Ute Creek site, ~10 km to the east of the study area, simulated and SNOTEL MATs differ by 268 

0.1 °C. However, the modeled cumulative temperature difference during the ablation season is 2.9 °C; i.e. 269 

the TM overestimates recorded SNOTEL temperature by an average of 0.6 °C in those months, the 270 

maximum being 1.0 °C in August (Fig. 7a). Simulated MAP exceeds the recorded SNOTEL value by 5.2 271 

cm, or by 6%. The cumulative difference in precipitation during the accumulation season is -4.2 cm, or 272 

within 8% of the total for those months. With due consideration of differing temporal resolutions (daily 273 

versus monthly), simulated snowpack evolution agrees quite well with that recorded, underestimating 274 

maximum water equivalent by ~4 cm w.e. or 10% (Fig. 7a).  275 

For the Medano Pass site, ~25 km north of the study area, the simulated MAT also differs from that 276 

recorded by 0.1 °C. The cumulative temperature difference during the ablation season between the TM 277 

and SNOTEL record is 0.7 °C, or an average monthly overestimate of 0.1 °C (Fig. 7b). Simulated MAP 278 
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here exceeds the recorded SNOTEL values by 2.7 cm, or 4%. Differences between simulated and 279 

SNOTEL precipitation values for the accumulation season are minimal, being 0.5 cm or 1% of that 280 

seasons total precipitation. Although there is reasonable agreement between simulated and recorded 281 

snowpack evolution, here the TM overestimates snowpack by roughly 20% (Fig. 7b). In detail, this is 282 

largely due to the model failing to generate positive degree-days (hence melt) in late March because of 283 

temperatures ~1.4 °C cooler than that recorded (0 °C) (Fig. 7b). We note that the PRISM MAT for March 284 

similarly underestimates local temperature by ~0.6 °C. These discrepancies underscore the difficulty in 285 

direct comparison of PRISM and meteorological variables recorded at sub-grid scales owing to potential 286 

high degrees of heterogeneity in complex terrain [54]. 287 

 288 
Figure 7. Differences between simulated and observed mean monthly temperature (∆T), precipitation (∆ppt), and 289 
snowpack evolution at SNOTEL stations in (a) Ute Creek SNOTEL and (b) Medano Pass. Positive differences 290 
indicate simulation values are warmer/wetter, negative values cooler/drier. The cumulative differences ∆ from 291 
SNOTEL values for the ablation and accumulation seasons are also given. PRISM values are shown for 292 
completeness. Error bars associated with simulated snowpack, where shown, reflect variation in melt factors. 293 
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4.3 Steady-state mass balances of paleoglaciers and implications for LGM climate 294 

 Steady-state mass balance Bn of each paleoglacier, and by implication LGM climate, is determined 295 

by finding temperatures and/or precipitation that satisfy 296 

 𝐵𝑛 = ∫ 𝑏𝑛𝑑𝐴 ≈
𝐴

∑ 𝑏𝑛𝑖

𝑗
𝑖=1 𝐴𝑖 = 0 (7) 297 

where A is glacier area composed of j number of elevation increments, bn is the annual specific net mass 298 

balance (Equation (2)), and the subscript i denotes a value at an elevation increment. Equation (7) 299 

considers glacier hypsometry explicitly. 300 

As noted by Brugger et al. [8], an infinite number of solutions exist for Equation (7); i.e. the problem 301 

of equifinality. Thus assumptions must be made to limit possible solutions, and these specifically address 302 

LGM precipitation in the study area. Lacking robust proxies, previous workers modeling LGM climate in 303 

Colorado [2-4,6,7,58] have assumed any changes in LGM precipitation – either increases or decreases – 304 

were likely modest. This is also suggested by regional climate modeling [9,12,59]. Initial simulations, 305 

therefore, were run under the assumption that LGM precipitation was similar to that today.  306 

Temperature depressions necessary to maintain the reconstructed glaciers at their LGM maximum 307 

extent on the Blanca Massif varied between 8.2 and 9.1 °C with a mean of 8.6 ± 0.3 °C (Fig. 6b; Table 3) 308 

assuming no change in precipitation. ELAs associated with steady-state mass balances tend to show a 309 

systematic variation with the dominant direction of glacial flow similar to AAR-derived values (Fig. 6a). 310 

Uncertainty in individual estimates of temperature depression due to those in melt threshold (Tm in 311 

Equation (3)) is ~0.1 °C. That due those in glacier hypsometry was determined to be less than 0.15 °C 312 

using a Monte Carlo scheme with a Gaussian distribution of ± 20% error in the areas of elevation 313 

intervals. The largest sources of uncertainty in estimated temperature depression are in the melt factors 314 

(mƒ in Equation (3)) and potential changes in precipitation. These are addressed via sensitivity analysis as 315 

follows.  316 

Allowing for uncertainties in melt factors, mean temperature depressions could have been as low as 317 

7.8 and as high as 9.1 °C (Table 3), introducing an uncertainty of +0.5/–0.8 °C. Allowing for modest 318 

changes in MAP during the LGM (± 10 cm) results in differences of about ± 0.4°C on average (Table 3; 319 

Fig. 6b). As noted in Brugger [4] allowing for such changes to a large extent addresses uncertainties in: 320 

“exact” parameterization of precipitation in the model; vertical precipitation gradients; the rain-snow 321 

partitioning function; potential changes in seasonal distribution of precipitation; and the possibility of the 322 

refreezing of meltwater in snow pack (i.e. internal accumulation). Thus quantifiable uncertainties in 323 

hypsometry, melt threshold temperature, melt factors, and possible changes in precipitation together with 324 

standard deviations in the means yield (by adding in quadrature) a collective uncertainty of ~ +0.7/–0.9 325 

°C.  326 
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Table 3. Derived temperature depression and ELAs based on steady-state mass balance of paleoglaciers. Temperatures are 327 
reported to nearest tenth of a degree. Changes in precipitation are those in mean annual. 328 

Model Parameter Temperature Depression, °C Steady-state 329 
  ELA, m* 330 

Precipitation change (F), cm 0 +10 +20 –10 –20 331 
Melt factors (mƒ) snow/ice 0.0045/0.008 0.0065/0.010 0.0025/0.006 0.0045/0.008  332 
m w.e. °C-1 d-1 (average melt) (enhanced melt) (reduced melt) 333 

Glacier 334 

Huerfano 8.9 9.4 8.1 8.6 8.3 9.3 9.8 3430 335 
Little Ute 9.1 9.6 8.3 8.8 8.4 9.5 10.0 3440 336 
Ikes 8.7 9.1 8.0 8.5 8.2 9.0 9.4 3505 337 
Barbara 8.3 8.8 7.5 8.0 7.7 8.7 9.1 3555 338 
Blanca 8.7 9.3 7.9 8.3 8.0 9.2 9.7 3480 339 
Tobin 8.3 8.7 7.5 8.0 7.7 8.7 9.1 3555 340 
Holbrook 8.2 8.8 7.4 7.9 7.5 8.6 9.1 3540 341 
Pioneer 8.5 9.0 7.8 8.2 7.9 8.9 9.4 3510 342 
Zapata 8.6 9.1 7.7 8.2 7.8 9.0 9.6 3510 343 
Means 8.6 ± 0.3 9.1 ± 0.3 7.8 ± 0.3 8.3 ± 0.3 7.9 ± 0.3 9.0 ± 0.3  9.5 ± 0.3 344 

* Nearest 5 m; for F = 0, mf = 0.0045/0.008 m w.e. °C-1 d-1 345 

LGM temperature depression inferred from steady-state mass balances of the paleoglaciers might also 346 

suggest a systematic trend with aspect (Fig. 6b). However, following previous workers [3,4,7,8] it is 347 

reasonable to assume that local temperature depression was rather uniform over the Blanca Massif and the 348 

differences among estimates can be attributed to variations in LGM precipitation which is more likely to 349 

be affected by microclimatic setting. Under this assumption, simulations were performed using the mean 350 

temperature depression and associated melt factors (Table 3) for average, enhanced melt, and reduced 351 

melt scenarios to determine the corresponding changes in MAP required for steady-state mass balance of 352 

each glacier. Another simulation, using the average melt scenario, was run to determine the necessary 353 

changes in winter and spring precipitation only. 354 

In general, for all scenarios modest to substantial increases in precipitation during the LGM are 355 

suggested for glaciers in the Huerfano, Little Ute, Ikes, and Blanca drainages (Table 4; Fig. 8), all on the 356 

eastern side of the massif (Fig. 4). These increases represent 2 to 19% increases over modern MAP values 357 

averaged over glacier surfaces (obtained by clipping the PRISM grid), or 3 to 10% increases in 358 

winter/spring precipitation. The exception is for the Ikes paleoglacier under the enhanced melt scenario 359 

wherein no change in MAP is required. Reductions in LGM precipitation are only suggested for one 360 

glacier on the eastern side of the massif, namely 7-12% for the Barbara paleoglacier. On the western side 361 

of the massif, however, the simulations suggest significant reductions in LGM MAP or winter/spring 362 

precipitation of 7 to 13% for glaciers in the Tobin and Holbrook drainages, and slightly less (0 to 4%) in 363 

the Pioneer and Zapata valleys. We note that it might be counterintuitive that in some instances a greater 364 

increase/lesser decrease in precipitation is required for the reduced melt scenario. This is because the 365 
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smaller temperature depression can result in increases in positive degree-days, and hence melt at higher 366 

elevations that otherwise would experience less, or no melt.  367 

Table 4. Changes in mean annual (∆MAP) or winter/spring precipitation (∆WS) required for steady-state mass balance under the 368 
assumptions of uniform LGM temperature depression, ∆T. Percentages are rounded to nearest whole number. 369 

 Glacier  Average melt Enhanced melt Reduced melt Average melt 370 
  ∆T, °C 8.6 9.1 7.8 8.6 371 
  mf 0.0045/0.008 0.0065/0.010 0.0025/0.006 0.0045/0.008 372 
   ∆MAP, cm (%) ∆MAP, cm (%) ∆MAP, cm (%) ∆WS, cm (%) 373 

 Huerfano  8.7 (10) 7.9 (9) 7.2 (9) 5.1 (10) 374 
 Little Ute  15.0 (17) 16.2 (19) 11.3 (13) 8.8 (16) 375 
 Ikes  4.6 (6) 0.0 (0) 5.6 (7) 2.7 (5) 376 
 Barbara  -7.8 (-9) -9.9 (-12) -6.2 (-7) -4.6 (-9) 377 
 Blanca  2.9 (3) 4.2 (5) 1.6 (2) 1.7 (3) 378 
 Tobin  -8.2 (-10) –10.5 (-13) –5.9 (-7) –4.8 (-10) 379 
 Holbrook  –9.5 (-11) –10.1 (-12) –8.3 (-10) –5.7 (-11) 380 
 Pioneer  –2.5 (-3) –3.0 (-4) –1.3 (-2) –1.5 (-3) 381 
 Zapata  –1.4 (-2) –0.4 (0) –1.9 (-2) –0.8 (-2) 382 

 383 

 384 
Figure 8. Changes in LGM mean annual and winter-spring precipitation required to maintain steady-state mass 385 
balances under the assumptions of regionally uniform temperature depressions corresponding to average, 386 
enhanced, and reduced melt scenarios. Note values for Huerfano glacier are included twice in order to help 387 
visualize direction dependence.  388 
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5.0 Discussion 389 

5.1 Directional dependence of ELAs and inferred change of precipitation during the LGM 390 

To demonstrate that ELAs and the changes in precipitation required to maintain steady-state mass 391 

balance have a directional dependency as alluded to above, we used a circular linear correlation routine 392 

[60] to test the statistical significance of that dependency. (All directional analyses were performed using 393 

the R programing language [61].) A Shapiro-Wilk test for normality ensured that the distribution of the 394 

non-circular data was sufficiently close to normal to permit the use of circular linear correlation. 395 

Correlations for both the AAR-derived and those derived from steady-state mass balance have goodness-396 

of-fit (r2) values, that is, respectively ~66 and 70% of the variation in ELAs can be explained by the 397 

dominant glacier flow direction, with p < 0.01 (Table 5). Similarly, the required changes in precipitation 398 

under the average and reduced melt, and winter-spring scenario show a statistically significant directional 399 

dependency, having r2 values of ~70% p < 0.005. The goodness-of-fit is somewhat less for the enhanced 400 

melt scenario (r2 = 0.59) that has a corresponding p value of 0.017. 401 

Table 5. Circular linear correlations of ELAs, required changes in precipitation to maintain steady-state mass balance (SSMB) of 402 
paleoglaciers under different scenarios, modern precipitation anomalies, and changes in precipitation indicated by PMIP3 403 
ensembles, and 95% confidence intervals about maximums obtained by a cosinor technique. Null hypothesis that data are 404 
normally distributed is accepted when p values for Shapiro-Wilk criteria (test statistic is W) exceed 0.05.  405 

 Data set Shapiro-Wilk Circular correlation Confidence interval about maximum 406 
 W p  r2 p lower bound upper bound 407 
      (compass directions, °) 408 

 AAR-derived ELAs 0.94 0.56 0.70 < 0.006 227 287 409 

 SSMB-ELAs 0.91 0.31 0.66 < 0.009 200 255 410 

 ∆MAP, average melt 0.94 0.58 0.71 < 0.005 37 90 411 

 ∆MAP, enhanced melt 0.92 0.41 0.59 < 0.017 26 93 412 

 ∆MAP, reduced melt 0.94 0.68 0.73 < 0.004 40 91 413 

 ∆WS, average melt 0.94 0.62 0.71 < 0.005 37 90 414 

 Modern anomalies 0.91 0.31 0.73 < 0.004 46 100  415 

 ∆MAP, PMIP3 0.91 0.30 0.98 << 0.001 82 96 416 

To determine the orientation of maxima and minima of ELAs estimates and those for changes in 417 

precipitation, a cosinor technique [62] was used. This technique, widely applied to time series in 418 

physiology (e.g. circadian rhythms), fits a cosine function to the data which allows the direction of 419 

maximum and minimum values to be identified. In implementing the cosinor approach, we acknowledge 420 

that it implicitly assumes the maximum and minimum values are (1) equal in magnitude and (2) exactly 421 

out of phase by 180° but the quantities analyzed here need not be, and most probably are neither. 422 

Nevertheless, given the sparse data sets, we suggest that cosinor provides a first order approximation of 423 

the orientations of maxima and minima, hence we report only the 95% confidence intervals about those 424 

orientations (Table 5, Fig. 9). 425 
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Based on the cosinor results, the lowest paleo-ELAs would be expected to be associated with glaciers 426 

having mean flow directions generally toward the northeast, the highest with those glaciers flowing 427 

toward the southwest (Fig. 9a). These results also suggest that the asymmetry in changes in LGM 428 

precipitation for all scenarios discussed above is maximized along a northeast to southwest trend (Fig. 429 

9b). These orientations appear to be in qualitative agreement with the pattern of modern MAP anomalies 430 

over the massif (Fig. 2c). Specifically, local maximums (+8 cm) occur to the north-northeast and east-431 

southeast of Blanca Peak and minimums (–6 to –8 cm) distributed between the west-northwest and south-432 

southeast. (The large negative anomalies farther north of Blanca Peak do not effectively affect the valleys 433 

studied here, but rather demonstrate the overall east-west precipitation asymmetry across this portion of 434 

the Sangre de Cristo Mountains.) 435 

 436 

Figure 9. Orientations of maxima and minima obtained by cosinor analyses for (a) ELAs, (b) changes in LGM MAP 437 
required for steady-state mass balances of paleoglaciers for different scenarios, (c) mean modern MAP anomalies 438 
over glacier surfaces, and (d) changes in mean MAP over glacier surfaces suggested by a PMIP3 ensemble. Length 439 
of the “petals” correspond to r2 values. Note that in (b) cosinor results are virtually identical for the average melt 440 
and winter-spring precipitation scenarios. (See text for details of the scenarios and PMIP3 results.)   441 

To better compare these directional dependencies with anomalies in modern precipitation shown in 442 

Figure 3c, the mean modern MAP anomalies over glacier surfaces were also analyzed using the cosinor 443 

technique. Directional dependency of modern MAP anomalies is significant (r2 = 0.73, p < 0.004), and 444 

maximum positive anomalies are estimated to lie approximately to the northeast and east-southeast of 445 
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Blanca Peak (Table 5, Fig. 9c). Given the correspondence of ELAs (i.e. higher toward the northeast to 446 

east-southeast, lower toward the southwest to west-northwest) and possible changes in LGM MAP 447 

(increases to the northeast to east, decreases to the southwest to west) with modern anomalies in MAP 448 

(positive to the northeast and east-southeast), this suggest that directional dependence and orientation of 449 

precipitation asymmetry during the LGM were likely similar to those today. This conclusion extends to 450 

accumulation season anomalies (Fig. 2d) by virtue of the fact that these are nearly the same as those in 451 

MAP (Fig. 3c).  452 

5.2 LGM climate on the Blanca Massif 453 

Simulations suggest the average temperature depression on the Blanca Massif during the LGM 454 

temperatures was ~8.6 +0.7/–0.9 °C if this cooling occurred under slightly wetter or drier LGM climates 455 

(± 10 cm different from modern), or precipitation comparable to that today. This estimate is consistent 456 

with those derived using a similar temperature-index approach in the Colorado Rocky Mountains: 6.5 to 457 

7.1 °C in the central Sawatch Range and Elk Mountains [4]; 7.0 to 8.9 °C in the Mosquito Range [7]; and 458 

8.1 to 9.5 °C in the northern Sawatch Range [8]. In contrast, a coupled energy and mass balance glacial 459 

flow model used by Leonard et al. [6] yielded a considerably a smaller temperature depression of ~5 °C 460 

for two valleys in the Sangre de Cristo Mountains immediately to the north of the Blanca Massif. Using 461 

the approach presented in this work, a comparable temperature depression to that suggested by Leonard et 462 

al. [6] for valleys immediately north of the study area would have required increases in LGM 463 

precipitation of 170 to 225% in individual valleys. 464 

With the assumption that LGM temperature depressions were uniform over the massif (our average, 465 

enhanced, and reduced melt simulations), concomitant changes in LGM precipitation are required to 466 

maintain steady-state mass balances, varying from an increase of ~16 cm to a decrease of 10 cm. (Table 467 

4). As noted above, these changes appear to be directionally dependent. Moreover, Figure 10a reveals that 468 

the changes in LGM precipitation (either MAP or in winter/spring) for each scenario, expressed as a ratio 469 

to modern precipitation, strongly correlate (via reduced major axis regression) with modern precipitation 470 

anomalies over glacier areas. The correlations generally indicate that our derived increases in LGM 471 

precipitation are associated with those valleys in which positive anomalies exist today, and conversely, 472 

decreases in LGM precipitation suggested by the simulations correspond to valleys which today have 473 

negative anomalies. Based on the slopes of the correlations (all positive), we suggest the possibility that 474 

the precipitation differences over the massif – that presumably today result from excess wind-drift 475 

accumulation on the eastern side of the massif [30] – were accentuated or strengthened during the LGM. 476 

This proposed strengthening of the existing asymmetry in precipitation over the Blanca Massif during the 477 

LGM is consistent with that suggested for the entirety of Sangre de Cristo Mountains in Colorado [3] and 478 

the Mosquito Range to the north [7]; the latter, like the Sangre de Cristo Mountains, is also the first major 479 

orographic barrier encountered by Gulf of Mexico-derived moisture being transported northwesterly. 480 
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Figure 10. (a) Correlations (via reduced major axis) between the relative changes in LGM mean annual (MAP) or 

winter and spring (WS) precipitation for different melt scenarios and relative modern precipitation anomalies (the 

anomaly expressed as a fraction of MAP expected based on elevation using PRISM climatologies) in individual 

glaciated valleys. The relative precipitation anomaly is used rather than the anomaly itself because identical 

anomalies would represent different magnitudes of change owing to differences in total precipitation. For all 

regressions, p < 0.005. (b) As in (a) but using the relative changes in MAP yielded by the difference between LGM 

ensemble means of the CHELSA downscaled PMIP3 models and CHELSA modern climatology (p < 0.01). 

Lacking other proxies for LGM climate in the immediate region of the Blanca Massif, we compare 

our results to the CHELSA (Climatologies at High Resolution for the Earth’s Land Surface Areas 

[63,64]) downscalings of seven PMIP3 models that have a resolution of ~ 1 km. Specific models are 

NCAR-CCSM4, MRI-CGCM3, CNRM-CM5, FGOALS-g2, IPSL-CM5A-LR, MIROC-ESM, and MPI-

ESM-P. We use the CHELSA modern climatology (based on the interval 1979-2013) rather than the 

PRISM gridded climatology to determine LGM temperature depression and changes in MAP from the 

PMIP3 models because the same downscaling methods are used. In the study area, modern MATs from 

the CHELSA downscaling are on average ~0.6 °C cooler than the PRISM values and MAPs ~27 cm less, 

both having large standard deviations (±2 °C and ±19 cm respectively). The differences in modern MAP 

yielded by the PRISM climatology and the CHELSA downscaling are particularly concerning in that the 

latter severely underestimates modern precipitation. In fact, the CHELSA values at the two SNOTEL sites 

underestimate modern MAP by ~30 cm, consistent with that for the entire study area. This 

underestimation might arise from sparse gauge networks, bias toward lower elevations, and gauge 
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undercatch in snow-dominated, mountainous terranes upon which gridded climatologies are based, 

despite the CHELSA downscaling algorithm accounting for the influence of orography [65].  

Given these differences and the disparate magnitudes of LGM temperature depression and changes in 

precipitation obtained from the PMIP3 models (Table 6), we therefore only consider qualitative trends 

that might be evident. No distinction is made between regional mean temperature depression (i.e. over the 

massif) and those calculated over individual glacier areas as the differences are negligible. However, 

MAP values are determined for individual glacier areas to facilitate comparison with the simulations 

presented here. 

Table 6. Mean LGM temperature depression over the study area and change in MAP (∆MAP) for individual glacier 

areas based on the CHELSA downscaling of PMIP3 models and modern climate (1979-2013). Note that the 

standard deviation reported for the ensemble means reflects the spread in the results from individual models, not 

that for the grid values in the ensemble means.   

Model Temperature    ∆MAP, cm 

 depression, Huerfano Little Ute Ikes Barbara Blanca Tobin Holbrook Pioneer Zapata 
 °C   

NCAR-CCSM4 8.6 ± 0.2 23.8 ± 2.0 26.9 ± 1.2 26.9 ± 0.7 24.6 ± 1.3 21.8 ± 3.2 19.4 ± 3.4 18.6 ± 4.5 17.1 ± 3.9 18.3 ± 5.4  

MRI-CGCM3 6.7 ± 0.4 37.1 ± 2.6 38.2 ± 3.3 37.7 ± 1.2 38.7 ± 1.5 37.3 ± 3.8 36.2 ± 3.4 35.5 ± 4.3 34.1 ± 3.7 35.1 ± 5.4 

CNRM-CM5 5.8 ± 0.4 26.5 ± 2.1 28.2 ± 1.6 27.7 ± 0.9 26.0 ± 1.3 23.7 ± 3.4 21.8 ± 3.3 21.2 ± 4.3 20.0 ± 3.8 21.6 ± 5.2 

FGOALS-g2 15.2 ± 0.4 17.1 ± 2.0 18.7 ± 1.4 17.9 ± 0.9 15.5 ± 1.2 13.9 ± 2.7 12.6 ± 2.4 11.8 ± 3.6 10.7 ± 3.1 11.9 ± 4.4 

IPSL-CM5A-LR 13.6 ± 0.6 1.8 ± 2.0 3.6 ± 1.5 3.2 ± 0.8 -1.2 ± 1.0 -2.4 ± 1.4 -3.3 ± 1.4 -3.9 ± 2.0 -4.7 ± 1.7 -4.1 ± 2.8  

MIROC-ESM 13.6 ± 0.3 13.9 ± 2.1 17.6 ± 2.4 17.5 ± 0.8 12.4 ± 2.1 9.6 ± 1.8 8.3 ± 1.8 7.5 ± 2.3 6.9 ± 2.2 7.8 ± 3.2 

MPI-ESM-P 8.9 ± 0.3 16.9 ± 2.0 17.9 ± 1.3 17.3 ± 0.8 14.9 ± 1.3 13.0 ± 2.9 11.6 ± 2.7 11.2 ± 3.5 10.2 ± 3.0 11.6 ± 4.2 

Ensemble mean 10.4 ± 3.7 19.5 ± 11.1 21.6 ± 10.9 21.2 ± 10.9 18.7 ± 12.6 16.7 ± 12.5 15.2 ± 12.3 14.6 ± 12.3 13.5 ± 12.1 14.6 ± 12.2 

     MAP, cm       

CHELSA Modern  32.6 ± 4.0 32.6 ± 3.4 33.8 ± 1.0 40.0 ± 0.4 40.1 ± 1.5 39.4 ± 1.2 39.5 ± 1.9 39.3 ± 1.7 39.9 ± 1.7   

With due consideration of the associated uncertainties, our estimate of regional temperature 

depression (~8.6 +0.7/–0.9 °C) is well within the range given by the PMIP3 ensemble mean (10.4 ± 3.7 

°C). Downscaled CHELSA modern MAP underestimates precipitation as noted above, but changes in 

MAP obtained from the PMIP3 ensemble means also suggest drier LGM conditions than present based on 

the PRISM climatology (Table 6). That is, the changes given by PMIP3 ensemble means – despite 

showing substantial increases in MAP over CHELSA modern values – imply no glacierized valley on the 

Blanca Massif experienced LGM precipitation exceeding that today. This difference notwithstanding, the 

magnitude of MAP increases in individual valleys correlates with modern precipitation anomalies (Fig 

10b). More significantly, the trend of changes in MAP during the LGM implied by PMIP3 ensemble 

means (with respect to CHELSA modern values, thus being internally consistent with respect to 

downscaling) corroborates our results in that it also suggests a strengthening of the existing precipitation 

differences over the massif during the LGM, although to a somewhat greater degree our simulations 

suggest. This apparent strengthening is due to unequal increases in precipitation over the entire massif. 

This also differs from our results wherein the strengthening is a consequence of combined increases in 

precipitation being required for steady-state mass balances of some paleoglaciers and decreases in others 
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(assuming comparable temperature depression). However, taking into consideration the difference 

between PRISM and CHELSA values for modern MAPs, the apparent increases in LGM MAPs yielded 

by the PMIP3 means are likely to be significantly less and more in accord with our results. Unfortunately, 

inconsistent methodologies preclude further comparison of PMIP3 results with PRISM modern 

climatology. Nevertheless, the mean changes in MAP given by the PMIP3 models also show a directional 

dependency similar to those seen in ELAs, changes in precipitation required for steady-state mass 

balances of the the paleoglaciers, and the anomalies in modern MAP (Table 5, Fig. 9d).  

If indeed the existing precipitation asymmetry over the Blanca Massif (due largely to differences in 

winter precipitation) was accentuated or strengthened during the LGM this begs the question as to why. 

Evidence suggests that substantial changes in hydroclimate in western North America accompanied 

glaciation. These changes led to a precipitation dipole such that the Southwest was wetter than today and 

the Northwest drier [9,13,15,66], with Colorado being on or near the transition zone in regional climate 

simulations. Here we briefly speculate how several of the proposed mechanisms invoked to explain this 

dipole might have potentially contributed to changes in LGM precipitation over the Blanca Massif, 

including changes in the strength of the North American Monsoon (NAM) and increased moisture 

delivery by the westerly jet or atmospheric rivers. 

With regard to the NAM during the late Pleistocene, there are contrasting views whether it was 

stronger than [9], weaker than [67], or comparable to today [68]. Today, the NAM is predominantly a 

summer phenomenon, strongest during the months of July and August [28]. A stronger NAM during the 

LGM might increase northward moisture transport, and given temperature depressions suggested by our 

simulations would result in increased snowfall during those months, especially at higher elevations. In 

contrast, a weakened NAM would reduce MAP over the massif but would only minimally affect the very 

limited summer snow accumulation. Regardless, it is unclear how such increases or decreases – if realized 

– might differ sufficiently in magnitude over the massif to result in a strengthening of the existing 

precipitation asymmetry. Unfortunately, climate models currently do not provide much insight into this 

conundrum as they do not accurately simulate the NAM [16, 69, 70]. 

Greater moisture delivery to the Southwest during the LGM due to a southerly displacement of the 

westerly jet [71], its intensification [9,11,69], atmospheric rivers [12], and/or decreased moisture loss in 

the westerlies [14] might have also brought greater snow precipitation to the Blanca Massif. However, 

how effective these mechanisms would have been in bringing more precipitation to more interior portions 

of the western North America remains uncertain. Although the ensemble mean of nine PMIP3 climate 

models show increased LGM precipitation at sites throughout Colorado (see Supplementary Table S-9 in 

[9]) and thus imply increased moisture transport into the region, five of the nine models show decreasing 

precipitation. Moreover, greater eastward transport of moisture might be expected to disproportionately 

increase precipitation the western side of the Blanca Massif. Similarly, while reduced moisture transport 
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would lead less precipitation than today, a greater reduction in would be expected on the eastern side of 

the massif.  

A possible mitigating factor in these circumstances is the role of wind transport (advection) of snow 

in increasing snow accumulation on the eastern side of the massif. An analysis of a downscaled 

precipitation model [30] suggests that at present, southerly winds (defined as the quadrant between 135° 

to 225°) bring the greatest proportion, about 45%, of the winter’s total precipitation over the northern 

Sangre de Cristo Mountains. Westerly and northerly winds account for ~30% and ~20% respectively; 

easterly winds contribute little to total winter precipitation. Moreover, the precipitation maxima 

associated with these wind directions are skewed to the east, increasingly so for west, south, and north 

winds. While the skewing of precipitation accompanying northerly winds is possibly suggestive of 

upslope events, those for southerly and westerly winds reflect advection transport of snow [30]. In detail, 

the southerly winds are likely more southwesterly (E. Gutmann, pers. comm.) that, unlike the “true” 

westerlies, do not lose their Pacific-derived moisture when passing over the broad, highest orography of 

the adjacent San Juan Mountains immediately to the west of the Sangre de Cristo Mountains (Fig. 11). 

This would allow both greater moisture delivery to the Sangre de Cristo Mountains and increased 

effectiveness of snow advection to its eastern slopes, while at the same time lessening snow accumulation 

on the windward western slopes. This would be particularly true for the more southerly situated Blanca 

Massif with less imposing regional topography to the southwest (Fig. 11), and might explain the 

precipitation anomalies present today that generally transition from negative to positive values toward the 

northeast (Fig. 9c). 

During the LGM, intensification of the winter jet, as suggested by several modeling studies [9,72,74], 

could have led to greater advection of snow from the (south-)western side of the Blanca Massif to the 

(north-)eastern side. Thus greater advection presents a viable mechanism for enhancing the precipitation 

asymmetry that exists today regardless of regional increases (or decreases) in precipitation during the 

LGM (e.g. individual PMIP3 models), or some combination of increases and decreases (this study), and 

by extension an explanation for lower ELAs on the eastern side of the massif.  

The importance of windblown snow in augmenting accumulation on glaciers on leeward slopes has 

been previously recognized in the Sangre de Cristo Mountains [75] to explain lower ELAs and elsewhere 

in Colorado to account for the distribution and mass balances of existing glaciers [48,76,77]. To the 

contrary, Refsnider et al. [3] argued in part that in the Sangre de Cristo Mountains, insufficient low-slope 

topography exists at higher elevations that would serve at the initial site of snow deposition from which 

snow would be later removed (i.e. deflated) by the wind. Rather, these authors appealed to increased 

frequency and/or intensity of late winter/early spring upslope precipitation on the eastern slopes. 

However, with sufficiently high wind speeds, snow is advected prior to reaching the ground [30] that 
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obviates the need for suitable sites of initial accumulation. Nevertheless, we cannot rule out possible 

disproportionate contributions from upslope events on the eastern slopes.  

 

Figure 11. Regional topography and modern transport of Pacific-derived moisture to the Sangre de Cristo 

Mountains and the Blanca Massif. Note air masses arriving from the west pass over a broad area of high 

topography of the San Juan Mountains that results in less moisture delivery to the Sangre de Cristo Mountains than 

that from air masses arriving from the southwest.  

6.0 Conclusions 

During the local LGM on the Blanca Massif, ca. ~21 ka, glaciers radiated from its high summits. 

Reconstruction of paleoglaciers indicates that the eastern side of the massif was more extensively 

glaciated than the western side. ELAs of nine paleoglaciers derived using the AAR method are 

consistently lower on the eastern side, and vary according to the glaciers’ mean direction of flow. That is, 

the ELAs show a general systematic directional dependence such that the lowest ELAs are associated 

with glaciers flowing northward to southeastward, and rise to maximum elevations for glaciers flowing 

westward. 

Temperature-index modeling used to determine the required temperature depression to maintain 

steady-state mass balances of the paleoglaciers suggests the LGM on the massif was ~8.6 +0.7/–0.9 °C 

cooler than today assuming no change in precipitation. This estimate of LGM temperature change on the 

Blanca Massif is rather robust and not particularly sensitive to reasonable changes in precipitation, and is 

in agreement with most similarly-derived estimates in adjacent ranges in Colorado. 
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Assuming regional temperature depression was uniform over the massif, simulation scenarios suggest 

paleoglaciers on the eastern side of the massif generally required increases in LGM precipitation while 

those on the western side required decreases. More significantly, the nature (i.e. increase or decrease) and 

magnitude of these changes (1) also show a directional dependency, and (2) correlate to an “east-west” 

precipitation asymmetry that exists today predominantly due to differences in the accumulation season 

(October through April). Furthermore, that correlation for each scenario implies a strengthening or 

enhancement of the precipitation asymmetry, as do PMIP3 ensemble means. Although our results indicate 

this enhancement resulted from concomitant increases in LGM precipitation on the eastern side of the 

Blanca Massif and decreases on the western side, overall regional increases or decreases cannot be ruled 

out. However if the latter, our results imply that the eastern side of the massif experienced either 

disproportionately greater increases, or lesser reductions in (winter) precipitation than the western side. 

Tentatively, we suggest that the existing precipitation anomaly results from snow being advected from the 

western side thus augmenting accumulation on the eastern side. Increasing intensity of the westerlies 

during the LGM would have increased snow advection, thus accentuating this asymmetry.  

Supplementary Materials: Table S1: Compilation and analysis of melt factors. 
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