
Article Not peer-reviewed version

Climate During the Last Glacial

Maximum in the Southern Sangre de

Cristo Mountains, Colorado, U.S.A.

Keith A Brugger * , Anthony D. Feldman , Leif S. Anderson , Brad Sion

Posted Date: 8 August 2025

doi: 10.20944/preprints202508.0587.v1

Keywords: Last Glacial Maximum; paleoclimate; glacier reconstruction; temperature-index modeling;

Sangre de Cristo Mountains

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/824640
https://sciprofiles.com/profile/4661964
https://sciprofiles.com/profile/1217699


 

 

Article 

Climate During the Last Glacial Maximum in the 
Southern Sangre de Cristo Mountains,  
Colorado, U.S.A. 
Keith A. Brugger 1,*, Anthony Feldman 2, LeifAnderson 3 and Brad Sion 4 

1 Geology Discipline, University of Minnesota, Morris, Morris, MN 56267, USA 
2 Integrated Terrain Analysis Program, Division of Earth and Ecosystem Sciences, Desert Research Institute, 

Northern Nevada Science Center, Reno, NV 89512, USA 
3 Department of Geology and Geophysics, University of Utah, Salt Lake City, UT 84112, USA 
4 Integrated Terrain Analysis Program, Division of Earth and Ecosystem Sciences, Desert Research Institute, 

Northern Nevada Science Center, Reno, NV 89512, USA 
* Correspondence: bruggeka@morris.umn.edu 

Abstract 

Reconstruction of seven paleoglaciers in the southern Sangre de Cristo Mountains of Colorado 
formed the basis of temperature-index modeling to estimate the magnitude of temperature change 
during the Last Glacial Maximum (LGM). The model is used to determine temperatures and 
precipitation that would maintain steady-state mass balance of the the glaciers at their maximum 
LGM extents. If precipitation was similar to that today, modeling suggests that LGM mean annual 
temperatures were between ~8.9 and 10 °C cooler, with associated uncertainties of ±1 °C. Modest 
increases in precipitation (i.e. 10 cm yr–1) that are indicated by some climate modeling, do not 
appreciably lower the magnitudes of temperature depression required for steady-state mass 
balances. While these new estimates of temperature depression in the Colorado Rocky Mountains 
align with some that were similarly derived, they are significantly greater (cooler) than others. 
However, they are consistent with regional-scale climate models as well as high resolution 
downscaling of global LGM climate for the Sangre de Cristo. 

Keywords: Last Glacial Maximum; paleoclimate; glacier reconstruction; temperature-index 
modeling; Sangre de Cristo Mountains 
 

1. Introduction 

Knowledge of climate during the Last Glacial Maximum (LGM), an extreme climate state in 
Earth’s past, is fundamental for understanding climate dynamics that ultimately informs model 
projections of future climate change. This knowledge has largely relied on pollen spectra and 
other microfossils, speleothem records, lake level reconstructions, and so forth. These 
proxies in-and-of-themselves are important in understanding paleoclimate dynamics, 
but also because they constrain regional scale climate modeling, particularly in the 
western United States [1–4]. Yet while forming the core of available climate proxies, 
these often do not yield quantitative measures of climatic parameters. More significantly, 
some proxies begin some time after, and thus do not strictly record LGM climate.   

Alternatively, modeling of mass balances of paleoglaciers has provided quantitative estimates 
of LGM climate in the Rocky Mountains. In general, temperatures and/or precipitation are sought 
that maintain steady-state mass balances of paleoglaciers at their LGM extents using difference 
approaches. These include more physically-based coupled energy/mass balance and ice flow models 
[5–11] and more empirical temperature-index modeling [12–16]. While these approaches have in 
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some instances differed on the precise magnitude, they suggest LGM temperature depression of ~5 
to 9 °C cooler than present. However, most studies have focused on glaciated ranges in Utah, 
Wyoming, and northern and central Colorado; few studies [8,10,16] have examined the most 
southerly regions of the Rocky Mountains region. Moreover, temperature depression in the 
southernmost Sangre de Cristo Mountains in New Mexico appears to be cooler than expected [10] 
from that suggested by climate modeling (e.g. Oster et al., 2015 [1]; Lora and Ibarra [4]; Shafer et al., 
2021[17]) that show a consistent north-to-south decrease in cooling along the Rocky Mountains.  

Based on the foregoing, it is clear that our understanding of paleoclimate over the southern 
extent of the Rocky Mountains would benefit from additional estimates of LGM temperature 
depression. These would add to the existing sparse record of late glacial climate change and thus 
better constrain regional climate simulations. Accordingly, in this paper we provide another estimate 
of LGM temperature depression in the southern Sangre de Cristo Mountains in Colorado based on 
glacier reconstruction and temperature-index modeling.     

2. Regional Setting 

2.1. Geologic and Geomorphic Setting 

Forming a prominent physiographic barrier, the fault-bounded Sangre de Cristo Mountains 
extend from south central Colorado south-southeast into northern New Mexico (Figure 1). Rocks of 
the region include Proterozoic igneous and metamorphic basement and Paleozoic through 
Cretaceous sedimentary sequences. Overall the structural history of the range is complex, involving 
deformation through the Late Paleozoic to the present. The range is bounded on the west by the Rio 
Grande Rift that became active as early as the Miocene [18]. To the east lie the Wet Mountain Valley, 
a down-faulted block in the north, and southward the downwarped trough of the Raton Basin. 

 

Figure 1. Location map of the study area in the Sangre de Cristo Mountains of Colorado. Circles are SNOTEL 
stations used to define modern climate and test model skill. Triangles are several of the prominent peaks in the 
region. Abbreviations: C – Culebra SNOTEL; NC – North Costilla SNOTEL; WC – Whiskey Creek SNOTEL; BP 
–Beaubien Peak (4016 m); CP – Culebra Peak (4280 m); FP – Francisco Peak (3999 m); PP – Purgatoire Peak (4169 
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m); and VP – Vermejo Peak (4168 m). Topographic image is from the United States Geological Survey 3D 
Elevation Program 1 meter Digital Elevation Model via OpenTopography. https://doi.org/10.5069/G9NP22NT. 
Accessed 2025-07-21. 

Rising some 1000 to over 1500 meters above the adjacent valleys, the crest of the Sangre de Cristo 
consists of numerous peaks exceeding 4000 meters. Ongoing tectonism has resulted in deeply incised 
and steep valleys. Many valleys exhibit features of alpine glacial erosion and deposition of the last, 
or Pinedale glaciation (corresponding to the LGM and Marine Isotope Stage (MIS) 2) and to some 
extent the penultimate Bull Lake glaciation (MIS 6). Scant evidence exists for a pre-Bull Lake 
glaciation [19]. Rock glaciers, possibly still active, and other periglacial landforms are common in 
cirque basins. Valley mouths are deeply incised owing to continued tectonism of the Rio Grande Rift 
and are fronted by well-developed alluvial fans with surfaces indicating multiple stages of 
development [20,21].     

2.2. Modern Climatology 

Existing meteorological stations within the study area are limited to elevations (<~2700 m) that 
are below those of glacier extents. Modern climate is therefore characterized in the model by the 
PRISM gridded climatology (Parameter-elevation Regressions on Independent Slopes Model; 
http:/www.prism.oregonstate.edu; [22]) augmented with data from three SNOTEL (Snow Telemetry) 
stations all located at similar higher elevations (Figures 1 and 2). Median values of 1990-2020 normals 
are used here. Mean annual precipitation at the highest elevations (~4000 m) is ~100 cm decreasing to 
about half that at valley mouths (~2900 m).  

SNOTEL data are representative of the monthly variation in precipitation (Figure 2). Stations on 
the eastern slopes (North Castilla and Whiskey Creek) show fairly distinct peaks in precipitation 
during mid-spring and summer, the latter being more pronounced. This peak is not present in the 
Culebra SNOTEL record on the western slope. This suggests that the mid-spring peak is possibly 
related to either late winter/early spring upslope precipitation events over the eastern slopes [23], or 
a result of snow advection by the prevailing westerlies augmenting snow accumulation on eastern 
slopes [24]. The summer peak in precipitation, evident in all three records, presumably reflects the 
influence of the summer monsoon [25] that brings subtropical moisture from the Pacific Ocean and 
Gulfs of California and Mexico. Regionally within the study area, the PRISM data (1991-2020 
normals) indicate that eastern slopes annually receive ~15-20 cm more precipitation over elevations 
between 3000 and 4000 m, this difference increasing with elevation. Precipitation dependence on 
elevation, a critical aspect of the modeling pursued here, is statistically significant; all correlation 
coefficients (r2) exceed 0.89 with the number of PRISM gridpoints n used to develop the regressions 
varying between 45 and 187 depending on the valley or location of interest.  

Maximum summer and minimum winter temperatures are typically ~15 and –3 °C, respectively, 
in valleys, and about ~8 and –11 °C at the highest elevations in the study area. Temperatures strongly 
vary linearly with elevation, with r2 values all > 0.95 (again, n = 45 to 187). Seasonal temperature 
variations (January to July) are on the order 18 to 20 °C and relatively constant, but in some valleys 
show some dependence on elevation. No appreciable differences in seasonal temperature variations 
are evident over eastern and western slopes as exemplified by the SNOTEL records (Figure 2).     
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Figure 2. Median temperatures and precipitation recorded at SNOTEL stations for 1990-2020 normals. 
Temperatures from individual stations are small (~1-2 °C) and therefore standard deviations are omitted for 
clarity, whereas standard deviations for precipitation as shown are significant. 

2.3. Timing of the Local LGM 

A glacial chronology for the study area has not been established but 10Be exposure ages of 
boulders on terminal moraines in other areas of the Sangre de Cristo Mountains provide a temporal 
setting for the local LGM. Preliminary exposure ages (Feldman et al., in prep.) from moraines in Long 
Valley, New Mexico, about 25 km south-southwest of the study area, suggest that glaciers in that 
valley reached their maximum extent at ~24.5 ± 1.6 ka. In the Winsor Creek valley, also in New 
Mexico, about 150 km south-southwest, the LGM is dated to 21.2 ± 2.0 ka [10]. In the South Crestone 
and South Colony valleys of Colorado, approximately 100 km north-northwest of the study area, 
glaciers advanced to their maximum ~21 ka [8]. Considering these ages in the context of those in other 
ranges in Colorado [14,15,26–28], the timing of the local LGM in the study area was likely ~20-25 ka. 

3. Materials and Methods 

3.1. Glacier Reconstruction 

The LGM ice extents of seven paleoglaciers (Figure 3) were reconstructed using varying 
combinations of field mapping of glacial features, high-resolution lidar imagery and derived digital 
elevation models, geological [29–31] and topographic maps, and Google Earth® imagery. Private 
land ownership limited field mapping in some areas, therefore the reconstructions presented here 
are more reliant on “remote approaches,” especially lidar. Additionally, detailed reconstructions 
were not undertaken in valleys where ice limits were ambiguous owing to mass movements, possible 
remobilization of till in terminal and lateral moraines, among other complexities that would increase 
uncertainties in model results. Ice in these valleys are shown schematically in Figure 3. 
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Figure 3. Reconstructed paleoglaciers in the study area at their LGM extents. Glaciers and/or ice masses not 
reconstructed are shown schematically, and not all are shown here. Abbreviation as in Figure 1. 

Although software exists for paleoglacier reconstructions, ice surface contours were drawn 
manually with due consideration of ice extent, local flow directions indicated by erosional forms – 
often subtle on imagery, and general convergent flow in accumulation zones and divergent flow in 
ablation zones. Contours were adjusted iteratively so that reconstructed ice surface slopes were sub-
parallel to those of the valley and to ensure driving stresses τ were between 50 and 200 kPa, values 
typically associated with modern glaciers [32]. Stresses were calculated using: 𝜏 ൌ  𝑆ƒ𝜌𝑔ℎ 𝑠𝑖𝑛𝛼 (1) 

where ρ is the density of ice, g is gravitational acceleration, h is ice thickness, α is the slope of the ice 
surface, and Sƒ is a shape factor to account for drag of the valley sides [33]. Surface slopes were 
averaged over distances of 10h to account for longitudinal stress gradients [32,34]. 

3.2. The Temperature-Index Model and Its Implementation 

The temperature-index model (TM) and the rationale for using this approach (as opposed to 
energy-balance modeling) has been discussed in greater detail elsewhere [14–16], therefore a brief 
overview is presented here. The net mass balance Bn of a glacier in steady-state with climate will be 
equal to zero; that is averaged over some years and over its surface area the glacier is neither gaining 
nor losing mass. The annual variation of the specific net mass balance, here at a specific elevation z, is  𝑏௡ሺ𝑧ሻ ൌ ׬ ൫𝑃௦ሺ𝑡, 𝑧ሻ ൅  𝑀ሺ𝑡, 𝑧ሻ൯௧మ௧భ 𝑑𝑡  (2) 
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where Ps(t,z) is the rate of snow accumulation, M(t,z) the rate of snow or ice melt (ablation) over the 
glacier’s surface during the interval t1 to t2, taken as the hydrologic year. In practice, Equation (2) is 
numerically integrated over a monthly time-scale to yield monthly melt that is combined with 
monthly precipitation. This sum is then integrated over the hydrologic year to obtain the net balance 
at z. 

Monthly melt is calculated by summing daily melt using a melt factor mƒ that empirically relates 
ablation to mean daily air temperature Td(t,z):  𝑀ሺ𝑧, 𝑡ሻ = ൜𝑚ƒ𝑇ௗሺ𝑡, 𝑧ሻ        𝑇ௗሺ𝑡, 𝑧ሻ > 𝑇௠ 0                       𝑇ௗሺ𝑡, 𝑧ሻ ≤ 𝑇௠  (3) 

where Tm is a threshold temperature above which melting occurs. A compilation of measured melt 
factors for ice (supplementary material in [16]) yields mean (and standard deviation) and median 
values of 0.73 ± 0.27 and 0.67 cm w.e. (water equivalent) °C–1 d–1 respectively (n = 92). Similarly, for 
snow the values are 0.43 ± 0.2 and 0.4 cm w.e. °C–1 d–1 (n = 61). For the sake of modeling therefore, the 
values of mƒ for ice and snow are taken as 0.70 and 0.45 cm w.e. °C–1 d–1 but in subsequent sensitivity 
analyses these values were allowed to vary by 0.2 cm w.e. °C–1 d–1. In the model, mƒ is initially set for 
snow until all snow is melted after which that for ice is used. The threshold for melt was set to +1 °C; 
additional modeling runs used 0° C. 

Daily air temperature as a function of time of year and elevation is 

𝑇ௗሺ𝑧, 𝑡ሻ =  ቎𝐻(𝑧) ൥ଵିୡ୭ୱ൬ቀమഏ೏యలఱቁିథ൰ଶ ൩௞(௭) − 𝑇௝௔௡(𝑧)቏ − ∆𝑇 (4) 

where H(z) is the difference between mean July and January temperatures (amplitude of the 
sinusoid), d is the day of the year, φ is the phase lag (= 0.359 rads), and Tjan(z) is the mean January 
temperature at elevation z based on the January linear lapse rate obtained by PRISM climate data (r2 
~0.99). In implementing the model, ∆T is the prescribed LGM temperature perturbation. A tuning 
parameter k is used to adjust the sharpness of the temperature sinusoid so as to minimize the 
difference between modeled monthly temperatures during the ablation season (May through 
September) and those from the PRISM data. Because of valley-to-valley differences in climate, 
especially precipitation, subsets of the PRISM data vary accordingly. H(z), Tjan(z), and k(z) are also 
specific for each glaciated valley and in the case of SNOTEL stations location (see Section 4.2). Note 
that H and k are given here as functions of elevation, varying linearly, but in some valleys or regions the 
correlations are weak and therefore modeling was done with constant (mean) values of these parameters.  

Monthly snow precipitation Ps(t, z) is partitioned from modern monthly precipitation Pmod(t,z) 
and the prescribed change in LGM precipitation ∆P via a continuous temperature-dependent 
function determined from the SNOTEL records:  

Ps(t,z) = ƒ(Tmonth) (Pmod(t,z) + ∆P). (5) 

In detail, ƒ(Tmonth) has the form of a logistic curve relating the snow-to-rain ratio to mean monthly 
temperature and ensures that in some months a fraction of precipitation falls as snow, some as rain 
rather than all snow or all rain according to a threshold temperature. Modeling runs used the 
partitioning function based on proximity to a SNOTEL site, but the effect of using different functions 
was investigated and discussed subsequently. 

4. Results 

4.1. Glacier Reconstruction and Equilibrium-Line Altitudes 

Attributes of the reconstructed paleoglaciers shown in Figure 3 are summarized in Table 1. 
Driving stresses are within limits of what is observed in modern glaciers. In general, larger stresses 
are associated with greater ice thicknesses and/or steeper ice surface slopes, the latter following the 
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steepness of subglacial topography in the valleys. Conversely lower driving stresses are due to thin 
ice and/or more moderate slopes, and are often found near glacier termini.  

Of particular note here are the equilibrium-line altitudes (ELAs) derived from area-altitude 
ratios (AARs). Regardless of the precise value of the AAR, the reconstructions suggest LGM ELAs on 
the eastern slopes in the study area are slightly more than 100 m lower than those on the west-facing 
slopes. Similar east-west asymmetries were recognized elsewhere in the Sangre de Cristo Mountains 
in Colorado [23] and in the Mosquito Range in central Colorado [14] that, like the Sangre de Cristo, 
is the most prominent topographic barrier for southeasterly-derived moisture transport. This 
apparent difference in ELAs on opposing slopes has been attributed to wind transport of snow from 
western to eastern slopes, either by deflation on the former [35] or advection prior to deposition 
[16,24], and/or by virtue of difference in net radiation. 

4.2. Temperature-Index Modeling: Model Skill 

Evaluation of model skill follows the criteria previously used [12–16]: how well does the model 
(1) capture modern climate, and (2) reproduce snowpack evolution at SNOTEL stations using 
parameterization that is unique to the SNOTEL sites. Modeled modern temperatures and 
precipitation at SNOTEL sites are graphically compared with those observed in Figure 4a and b. For 
the purpose of modeling, accurate temperatures are most critical during the ablation season (taken 
here as May through September) and precipitation during the accumulation season (November 
through April). Cumulative temperature differences during the former are ~0 °C, which is not 
surprising in view of the fact that the model is tuned (via H(z) and k(z) in Equation 4) specifically for 
the SNOTEL locations. Cumulative precipitation differences (no tuning) are very small and negative 
for all three SNOTEL sites, meaning accumulation season precipitation is very slightly overestimated 
in the model.  

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

Glacier Area Length, km* Average ice Maximum ice Driving stresses, AAR-derived 

 km2 km thickness, m*† thickness m*† kPa** (mean) ELA, m† 

     = 0.65 = 0.70 = 

0.60 

Western slope 

South Vallejos 7.02 5.8 105 130 53-118 (93) 3470 3440

 3500 

North Vallejos 7.95 7.6 105 155 73-156 (95) 3485 3435

 3525 

Bernardino- 14.23 7.5 105 150 83-131 (113) 3415 3365

 3465 

   Carneros††  7.3 110 160 65-122 (91) 

El Perdido 3.25 4.6 75 100 55-152 (90) 3550 3525

 3580 

     Means 3480 3440

 3520 

Eastern slope 
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Wilkens 4.65 6.1 105 130 66-135 (108) 3330 3285

 3370 

Abbot-Left 6.87 7.0 60 80 50-154 (95) 3345 3290

 3400 

   Fork Abbot††  5.1 60 100 52-187 (98) 

Las Vigas 3.09 5.9 70 95 52-144 (98) 3380 3320

 3430 

     Means 3355 3305

 3405 

* Longest flow line where applicable. † Nearest 5 m, likely minimum estimates owing to till and post-glacial 
fluvial deposition. ** Calculated at a number of ice contours. ††Although likely confluent, treated here as 
individual glaciers except glacier area and ELAs. Named first valley is larger area and length of subordinate 
glacier is that to the confluence. 

Model-data agreement is also quantified using a Nash-Sutcliffe Efficiency criteria commonly 
used in hydrologic modeling 𝑁𝑆𝐸 = 1 −  ൤∑ (ை೔ି௣೔)మ೙೔సభ∑ (ை೔ିைത)మ೙೔సభ ൨ (6) 

where Oi are the observed values, pi are those modeled, and the overbar denotes the mean of n 
number of values. A value of 1.0 indicates perfect agreement between modeled and observed values, 
whereas values approaching or less than 0.0 suggest a poor fit to the observed values. NSE values 
(Figure 4a,b) are all close to one and thus suggest model results faithfully match the observed 
SNOTEL data. 
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Figure 4. Comparison of modeled and observed 1991-2020 median (a) temperatures and (b) precipitation at 
SNOTEL stations. NSE are the Nash-Sutcliffe Efficiency statistics, and ∑abl and ∑acc are the cumulative differences 
for the ablation and accumulation seasons (shaded) respectively (see text for discussion). (c) Modeled and 
observed snowpack evolution at the SNOTEL stations. 

Similar comparisons between modeled modern temperatures and precipitation and PRISM 
values for the valleys of interest are summarized in Table 2. These comparisons are perhaps more 
significant in that they are more regional in nature and also account for elevational variations in 
differences. With one exception, modeled temperatures differ from PRISM values by less than 1°C 
and on average less than 0.5 °C. NSE statistics for temperature are ≥ 0.97 indicating nearly perfect 
agreement. Modeled precipitation values differ by ~1-2 cm or less than 5% of total precipitation. NSE 
scores for precipitation, with the exception of two, exceed 0.84 indicating good correspondence 
between modeled and PRISM values. Table 2 also shows that there is no systematic differences, that 
is the TM approach neither consistently over- or underestimates temperature or precipitation. 

Finally, modeled snowpack evolution is compared with median 1991-2020 snowpack depth (in 
snow water equivalent) recorded at the three SNOTEL sites over a hydrologic year (Figure 4c). Here 
again, PRISM data, the H(z) and k(z) parameters, and snow-to-rain ratio used in the model are specific 
to each site. Despite difference in temporal resolution (monthly in the model, daily in the SNOTEL 
records), the agreement is quite good, particularly for the North Castilla and Whiskey Creek sites. 

Table 2. Comparison of modeled modern temperatures (°C) during the ablation season and precipitation (cm) 
during the accumulation season with PRISM values at given elevations (m) in pertinent regions. ∑ denotes 
cumulative values during the respective seasons. Positive differences in temperature reflect cooler modeled 
temperatures, those in precipitation indicate drier conditions. Differences in precipitation are also given in 
percent (rounded). NSE is the Nash-Sutcliffe Efficiency statistic. Mean difference uses the absolute values. 

North and South Vallejos valleys   

 ∑∆Tablation NSEablation ∑∆Paccumulation   NSEaccumulation  

 Elevation (n)* 

 3999 (3) –0.6 0.98 +2.3 (+4%) 0.93 

 3801 (5) +0.1 0.98 –1.1 (–2%) 0.97 

 3601 (5) +0.2 0.98 –1.2 (–3%) 0.97 

 3398 (4) +0.8 0.98 +0.1 (<1%) 0.99 

 3195 (6) –0.2 0.97 +0.7 (+2%) 0.97 

 3001 (6) –0.6 0.99 –1.1 (–3%) 0.92 

 Means 0.4  0.9 (2%) 

Bernardino, Carneros, and El Perdido valleys 

 3900 (3) –0.6 0.98 +2.2 (+4%) 0.95 

 3750 (8) +0.05 0.98 +0.7 (+1%) 0.99 

 3599 (3) +0.6 0.98 –5.0 (–10%) 0.70 

 3450 (5) +0.6 0.98 –2.5 (–6%) 0.91 

 3198 (4) –0.6 0.98 –0.1 (0%) 1.00 

 Means 0.5  2.1 (4%) 

Wilkens valley 
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 3865 (3) –0.2 0.99 +3.1 (+5%) 0.91 

 3654 (4) –0.6 0.98 +2.5 (+5%) 0.91 

 3291 (3) +1.0 0.98 +0.5 (+1%) 1.00 

 3054 (3) –0.2 0.98 +0.2 (<1%) 0.85 

 Means 0.5  1.6 (3%)  

Abbot, Left Fork Abbot, and Las Vigas valleys 

 3904 (4) +0.7 0.98 –0.6 (–1%) 0.93 

 3771 (4) –0.1 0.98 +2.9 (+5%) 0.85 

 3497 (6) +0.4 0.98 +3.9 (+9%) 0.84 

 3299 (3) +0.4 0.98 +1.8 (+4%) 0.94 

 2994 (6) –0.2 0.99 –2.0 (–6%) 0.72  

 Means 0.4  2.2 (5%) 
*Elevations represent mean values of n-number of PRISM grid points “clustered” around target elevations 
(generally ± ~25 m or less). Note elevations, elevation range, and n are constrained by PRISM data in each region. 

4.3. Steady-State Mass Balances of Paleoglaciers and Implications for LGM Climate 

Estimates of LGM climate in the study area were determined by finding temperature and/or 
precipitation combinations that maintain steady-state mass balances Bn of the reconstructed glaciers, 
i.e. those that satisfy   𝐵௡ = ׬ 𝑏௡𝑑𝐴 ≈஺ ∑ 𝑏௡೔௝௜ୀଵ 𝐴௜ = 0 (7) 

where bn is the annual specific net mass balance given by Equation (2), A is glacier area composed of 
j number of elevation increments, and i denotes the value at an elevation increment, thus glacier 
hypsometry is explicitly included. 

As there are an infinite number of solutions for Equation (7), limits must be placed on possible 
changes in precipitation in order to obtain estimates of LGM temperature depression. Proxy records 
of precipitation would serve as such limits, however such records are sparse in the region and 
typically do not provide the magnitude of that change. Nevertheless, pluvial lake levels and 
speleothem records, as well as climate modeling [1,4,36–41], point to wetter conditions in the 
American Southwest during the LGM. Therefore, modeling examined the required temperature 
depression under imposed increases in precipitation of 10 and 20 cm yr–1 corresponding to ~10-15% 
and 20-30% increase over modern precipitation respectively, depending on elevation. It should be 
noted that paleohydrology of Lake Estancia, about 280 km south-southwest from the study area, 
suggest possible increases in precipitation at times during the LGM could have been as large as 50 to 
100% over modern [36,39]. While a number of contrasting mechanisms have been invoked to explain 
apparent increases in LGM precipitation in the Southwest [1,4,42–46], the question remains whether 
these would have affected the study area. In particular, climate models [1,3,4] place the study area at 
or near the boundary between wetter conditions to the south and drier conditions to the north (the 
so-called “precipitation dipole”). Thus in the interest of completeness, addition modeling runs 
investigate the effect of reducing LGM precipitation by similar amounts. 

Table 3 and Figure 5a summarize temperature depression required to maintain steady-state 
mass balance of the seven paleoglaciers under different scenarios. These include assuming LGM 
precipitation was similar to that today, increased or decreased precipitation, and differences in melt 
factors. Under the assumption of no change in precipitation and average melt factors, temperature 
depressions range from 8.7 to 9.8 °C. Figure 5a also shows the associated ELAs from modeling. The 
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individual differences notwithstanding, mean temperature depression appears to be slightly greater, 
by ~0.5 °C, on the eastern slopes of the study area. Paralleling this is that ELAs tend to be ~110 m 
lower on the eastern slopes, consistent with what was noted above for the AAR-derived ELAs. 
Moreover, Figure 5b shows ELAs determined by modeling closely agree with using the AAR method. 
However, given these difference generally fall within estimates of uncertainties (discussed 
subsequently) and in the interest of determining regional LGM climate, the emphasis here is placed 
on the (grand) mean temperature depressions of ~9.6 °C for the standard melt scenario, and ~8.9 and 
10.0 °C for the reduced and enhanced melt scenarios, respectively. 

As discussed above, considering the possibility of increased LGM precipitation of 10 cm yr–1 the 
mean temperature depression to maintain steady-state mass balances is ~9.4 °C, and for 20 cm yr–1 
~9.2 °C. In combination with lower melt factors, these temperature depressions could be on the order 
~1 °C less; conversely with higher melt factors ~0.5 °C greater (Table 3) and minimally dependent on 
these prescribed changes in precipitation (Figure 5c). Decreases in LGM precipitation of 10 cm yr–1 
would, on average, require temperatures to be ~9.8 °C cooler than present. A decrease of 20 cm yr–1 
would require temperature depressions of ~10.0 °C. Under the reduced and enhance melt scenarios 
temperature depressions would be ~0.7 less and ~0.4 °C greater, respectively, and again not strongly 
dependent on the prescribed changes in precipitation.  
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Figure 5. (a) Steady-state ELAs of the paleoglaciers and associated LGM temperature depressions based on 
temperature-index modeling. Error bars in the latter reflect different melt factor scenarios (see text for 
discussion). Shaded areas show means and standard deviations. (b) Comparison of modeled and AAR-derived 
ELAs. Abbreviations and numbering: 1, SV – South Vallejos; 2, NV – North Vallejos; 3, BC – Bernardino-
Carneros; 4, EP – El Perdido; 5, WK – Wilkens; 6, ALF – Abbot-Left Fork Abbot; and 7, LV – Las Vigas. (c) 
Average temperature depressions required for steady-state mass balance assuming different combinations of 
LGM precipitation and melt factors used in the modeling. 
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Table 3. Temperature depressions (∆T) with or without accompanying annual precipitation changes (∆P) 
required to maintain steady-state mass balances of reconstructed paleoglaciers, and steady-state ELAs. Average 
melt uses mƒ for snow and ice equal to 0.70 and 0.45 cm w.e. °C–1 d–1, reduced melt uses 0.50 and 0.25 cm w.e. °C–

1 d–1, and for enhanced melt 0.90 and 0.65 cm w.e. °C–1 d–1. 

 Glacier ∆T (°C; ∆P = 0) ∆P (cm)*   ELA† 

  Average melt Reduced melt Enhanced melt +20 +10 –10 –20   

 West slope   

1. South Vallejo 9.4 8.7 9.7 9.0 9.2 9.5 9.7 3485 

2. North Vallejo 9.4 8.7 9.8 9.0 9.2 9.6 9.8 3475 

3. Bernardino-Carneros 9.7 9.0 10.1 9.3 9.5 9.9 10.2 3435 

4. El Perdido 8.7 8.1 9.1 8.4 8.5 8.9 9.1 3565 

 Means 9.3 8.6 9.7 8.9 9.1 9.5 9.7 3490  

 East Slope 

5. Wilkens 9.8 9.1 10.3 9.5 9.7 10.0 10.3 3385 

6. Abbot- Left 

 Fork Abbot 10.2 9.5 10.7 9.9 10.0 10.5 10.7 3325 

7. Las Vigas 9.5 8.8 10.0 9.1 9.3 9.8 10.0 3425 

 Means 9.8 9.1 10.3 9.5 9.7 10.1 10.3 3380 

 Grand means 9.6 8.9 10.0 9.2 9.4 9.8 10.0 3435 

 Reduced melt, means   8.4 8.6 9.1 9.3 

 Enhanced melt, means   9.6 9.8 10.1 10.3 

* Average melt factors. †ELA is for average melt and no change in precipitation, and rounded to nearest 5 m. 

4.4. Uncertainties in the Estimates of LGM Temperature Depression 

Uncertainties in the TM results were evaluated by performing sensitivity analyses to different 
model parameters. Specifically, these were parameters in Equation (3): the melt factors mƒ and melt 
threshold Tm; in Equation (4): k(z) – constant (average value) or non-constant, H(z) – constant or non-
constant, the lapse rate Tjan(z); and in Equation (5): ƒ(Tmonth). Additional analyses examine the effect of 
the melt threshold and glacier hypsometry. Individual uncertainties were added in quadrature. 
Maximum uncertainties associated with these parameters from each of the seven paleoglaciers, where 
appropriate, were used to calculate total uncertainty. 

Variation in the melt factors for snow and ice yield uncertainties in the estimates of temperature 
depression of about +0.5/–0.8 °C, corresponding to more or less melt. If the melt threshold is assigned 
a value of 0 °C instead of +1 °C, required temperature depressions increase by ~0.2 °C. Assuming the 
tuning parameter k(z) is constant (i.e. a mean value) or not (i.e. a function of elevation) introduces a 
very small uncertainty less than ± 0.05 °C. Similarly, whether the yearly amplitude in temperature 
H(z) is assumed constant with respect to elevation or not results in a uncertainties that do not exceed 
~ ±0.3 °C. Reasonable variations in the lapse rate Tjan(z) based on the regressions introduces an 
uncertainty of  ~ ±0.3 °C. Temperature depressions using different partitioning functions defined at 
each of the three SNOTEL sites differ by a maximum of ~0.3 °C.  

The uncertainties associated with glacier hypsometry are more challenging to assess. Following 
Brugger et al. [15] a Monte Carlo scheme was used wherein glacier area within elevation intervals 
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was allowed to increase or decrease randomly by 15%; this essentially addresses uncertainties in ice 
contours as reconstructed and thereby mass balance via Equation (7). This approach suggests 
uncertainties associated with the hypsometries of the paleoglaciers does not exceed ±0.2 °C. Based on 
the foregoing the total uncertainty in the estimates of temperature depression are on the order of ±1.0 
°C. 

5. Discussion 

The results of temperature-index modeling suggest that regional LGM temperatures in the 
southernmost Sangre de Cristo Mountains in Colorado were on the order of 9 to 10 °C cooler even 
allowing for a modest increase in precipitation. With due consideration of uncertainties, the apparent 
difference in temperature depression of ~0.5 °C on east- and west-facing slopes (Figure 5a, Table 3) is 
likely not significant. Nevertheless, in view of the fact that ELAs, determined by both the modeling 
and using the AAR method, are significantly lower on the eastern slope warrants some attention. As 
noted above this has been observed elsewhere and possibly reflects less incoming solar radiation 
hence less ablation, and/or any mechanism whereby accumulation is enhanced [16,23,35] on the 
eastern slope. Under the assumption that precipitation differences existed during the LGM as they 
do today, say +10 cm yr–1 on the eastern slope, this difference is reduced, and when combined with 
the assumption of less ablation (reduced melt scenario), LGM temperatures on the eastern slope 
would be ~9 °C cooler, again within uncertainties. Thus the estimates of LGM temperature depression 
presented here appear to be robust. It bears mentioning that under these assumptions, TM-derived 
ELAs on the eastern slope are at most ~20 m higher, thus maintaining accord with those using the 
AAR approach.  

Perhaps the most intriguing result is that of the magnitude of LGM temperature depression. 
Estimates using a similar TM approach [12–16] and coupled energy/mass balance and flow models 
[7,8,11] in Colorado show neither a consistency in magnitude nor a coherent spatial pattern (Figure 
6). (It should be noted that previous TM modeling referred to here used slightly different melt factors, but this 
accounts for a difference of ~0.1 °C.) For example, in the Front Range of northern Colorado, temperature 
depression has been estimated to be 4.5 °C assuming precipitation was similar to that today [7]. In 
contrast, temperature depression over the Blanca Massif in the Sangre de Cristo Mountains may have 
been nearly twice as large [16] with the same assumption regarding precipitation. This contrast runs 
counter to the southward decrease in LGM cooling evident in climate models [1,4,17], presumably 
due to less climatic influence of the Laurentide Ice Sheet. While our estimates of ~9-10 °C appear to 
support a more severe cooling during the LGM, at least in the Sangre de Cristo Mountains, a 
temperature depression of ~5 °C has been suggested for the Crestone Peaks region of the range, about 
100 km north of the study area [8]. Moreover, recent work [48] using lipid biomarkers in bog sediment 
in the nearby San Juan Mountains, about 110 km west (Figure 6), yielded an LGM temperature 6.5 °C 
colder than today. However, (1) basal sediment age was estimated to be ~19.2 ka, potentially 
predating the LGM in the study area by several thousand years; and (2) this value is the departure 
from pre-industrial temperatures and therefore probably ~1 °C greater if comparing to modern 
conditions. Additional support for a colder LGM in the region comes from the southernmost Sangre 
de Cristo Mountains in New Mexico, where temperature depression was estimated to be 8.6-9.0 °C 
providing precipitation was similar to the present, or ~8.0 °C cooler if precipitation was greater than 
modern [10].  
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Figure 6. Estimates of LGM temperature depression in Colorado based on glaciological approaches (black). The 
values shown here assume LGM precipitation was not different from modern. The estimate shown in green 
(southern San Juan Mountains) is based on lipid biomarkers. 

The disparate estimates of temperature depression in Colorado are likely due in part to local 
modulation of regional climate (i.e. the role(s) of microclimate), differences in the precise timing of 
local LGM (comparing climate at different times), and/or the particular methodology used to obtain 
the estimate. But these in-and-of-themselves are not likely to account for such large differences in the 
measure of LGM climate change. What is not known and therefore somewhat unconstrained in 
modeling, are changes in precipitation that could significantly affect glacier mass balance and 
consequently temperature depression. This further complicates the   picture of regional climate 
change during the LGM. 

Although the biomarker proxy in the San Juan Mountains [48] is indicative of drier conditions 
during the LGM, several climate models suggest possible increases in precipitation. An ensemble of 
nine PMIP3 models (Paleoclimate Modeling Intercomparison Project Phase 3 [1]) suggests a mean 
increase in precipitation within the study area of ~20%, or about 10-15 cm yr–1.  However, five of the 
models indicate a reduction of precipitation of similar magnitude, therefore rendering any conclusion 
with regard to precipitation changes based on PMIP3 models equivocal. More recent TraCE21k 
modeling (Transient Climate Evolution of the last 21k years) using the CHELSA downscaling 
(Climatologies at High resolution for the Earth’s Land Surface Area, [49]) suggests substantial 
increases in LGM precipitation in many mountain ranges in Colorado (Figure 7a). In the study area 
(Figure 7b) more modest increases in precipitation are indicated, on the order of 3 to 7 cm annually. 
The CHELSA-TraCE21k output also implies a disproportionate increase in precipitation on the 
western slopes, furthermore suggesting LGM precipitation was more uniform over the study area. 
This appears to be at odds with the ELA differences on eastern- and western-facing slopes discussed 
previously. If, however, the greater increase in precipitation on the western slopes resulted from 
intensification of the prevailing westerlies during the LGM [1–3,46,47], this could have also resulted 
in greater wind-drift and/or advection of snow that enhanced accumulation on the eastern slopes. 
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(Obviously, differences in insolation and its affect on local energy balances would factor in, at least 
to some extent, to any explanation of these differences.) 

 

Figure 7. CHELSA-TraCE21k downscaling of LGM changes in LGM precipitation (a) and (b) and temperature 
(c) and (d) with respect to modern. The geographic extent of (a) and (c) is the same as that shown in Figure 6. 
The study area is shown in (b) and (d). Abbreviations as in Figure 1. The red and white outlines in (b) and (d) 
delineate the extent of the reconstructed glaciers; nunatacks and unglaciated interfluves are not shown. Note 
color scales are different in each panel.  . 

Increased precipitation would have the effect of decreasing the magnitudes of LGM temperature 
depression, particularly in the northern mountain ranges in Colorado. But in the study area the small 
increase would not significantly affect our results, making it seem more of an outlier. Yet in 
examining the CHELSE-TraCE21k temperature output, regionally LGM temperatures (Figure 7c) 
might have been ~8 °C cooler in southwestern Colorado to ~14 °C cooler in north-central area of the 
state. In the Sangre de Cristo Mountains (Figure 7d), temperatures appear to have been ~8.5 to ~10 °C 
colder than present, the change perhaps being more pronounced at lower elevation possibly due to 
changes in lapse rates. Such departures from modern temperatures are also corroborated by PMIP3 
models that show about an 8.7 ± 2.5 °C cooling in the Sangre de Cristo [1]. Furthermore, using the 
same approach as that used here, temperature depression on the Blanca Massif just 50 km to the north 
of the study area averages ~8.6 °C assuming no change, or ~8.3 °C with a slight increase in 
precipitation [16]. 
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It is difficult to reconcile this magnitude of temperature depression with other estimates in the 
region based on glaciological approaches, particularly ~5 °C in the Crestone Peaks area of the Sangre 
de Cristo Mountains [8] (Figure 6) about 100 km away. Under reasonable optimal conditions for 
glaciers in the study area, i.e. modest increases in LGM precipitation and reduced melt (Table 3), and 
allowing for uncertainties, temperature depression might have been a small as ~7.6 °C. Conversely, 
in the absence of these conditions, our estimate of temperature depression is consistent with the 
CHELA-TraCE21k downscaling and PMIP3 models, and that for the southernmost Sangre de Cristo 
[10]. Lacking more definite temperature and precipitation proxies that would constrain modeling, 
the LGM in the study area was ~9.6 to 8.6 °C cooler than present. 

6. Conclusions 

The salient points based on the reconstruction of glaciers in the southern Sangre de Cristo 
Mountains of Colorado are: 

(1) At the glaciers maximum LGM extents, ELAs on east-facing slopes were on average ~100 m 
lower than those on west-facing slopes. This east-west asymmetry in ELAs has been documented 
elsewhere in the Sangre de Cristo [23] and in the Mosquito Range farther north [14]. This is possibly 
a result of less insolation, hence ablation, and/or mechanisms through which accumulation might 
have been enhanced via wind drift or snow advection [16,24,35] or late winter/early spring upslope 
precipitation events [23]. 

(2) Temperature-index modeling was used to determine the temperatures and precipitation 
necessary to maintain steady-state mass balances of the glacier. Modeling suggests mean temperature 
depressions during the LGM of between 8.9 and 10.0 °C, this range being associated with different 
melt factors used in the model, and if LGM precipitation did not differ from that today. Considering 
modest increases in precipitation, the magnitude(s) of temperature depressions is slightly reduced 
by ~0.3 °C, well within estimated uncertainties of ±1 °C. Under the most reasonably favorable glacial 
conditions, temperature depression could have been as small as 8.6 or even 7.6 °C incorporating 
uncertainty.  

(3) While the temperature depression obtained for the study area is significantly greater than 
some other estimates elsewhere in Colorado, it is consistent with those suggested CHELSA-TraCE21k 
downscaling [49] and PMIP3 ensembles [1]. With due consideration of the associated uncertainties, 
it is also in agreement with the mean temperature depression determined for the nearby Blanca 
Massif [16] and the southernmost Sangre de Cristo Mountains in New Mexico [10].  

(4) Because of their dependence on knowledge of paleoprecipitation, models seeking to 
understand the nature of LGM temperature change in the Colorado Rocky Mountains would be 
better constrained by, and benefit from new and/or improved precipitation proxies.   
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