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A B S T R A C T   

To better assess the spatiotemporal variations of the snow shielding effect on surface exposure dating, we 
compiled a dataset of 1341 10Be ages from alpine moraines and glacially eroded valleys across western North 
America, and conducted a sensitivity test with both modern and time-integrated snow data covering the same 
region. Our analyses reveal significant differences in snow shielding both across our geographic domain and 
through time. In our time-integrated experiments we find snow-based exposure age corrections as low as 3.5% in 
the Great Basin region and high as 28.4% in the Pacific Northwest for samples dating to the Last Glacial 
Maximum (LGM) when no wind-sweeping is assumed. As demonstrated with our time-varying snow conditions 
with a global climate model and a positive degree day model, modern snow conditions across western North 
America cannot account for the varying snow patterns under large scale climate shifts since the LGM. The snow- 
based exposure age corrections from the modern data differ from those calculated by our time-varying model by 
up to 17% across our model domain. In addition, we find that the 10Be ages calculated under two end-member 
scenarios regarding wind-sweeping effects, specifically whether boulders were shielded only when the total snow 
accumulation exceeded boulder heights or were always shielded when the snow was present, can differ by 
~7.6% on average for LGM aged samples. Our analyses provide a model-based estimates of the spatiotemporal 
variability and complexity of snow shielding effects on surface exposure dates across western North America and 
highlight the need to consider snow depth variations both spatially and temporally when conducting surface 
exposure dating in terrains where snowfall accumulation is significant.   

1. Introduction 

Cosmogenic nuclide surface exposure dating is a widely-applied tool 
in geochronology. Different cosmogenic nuclides have been measured in 
a variety of minerals and rocks, such as 3He and 21Ne in olivine or py-
roxene, 26Al and 10Be in quartz, and 36Cl in silicate or carbonate rocks, to 
estimate the amount of time a surface has been exposed to cosmic rays 
(Ivy-Ochs and Kober, 2008). Among these isotopes, 10Be is the most 
widely applied and is generally used on quartz-bearing rocks which are 
very common on the Earth surface. The 1.39-Myr half-life (Nishiizumi 
et al., 2007; Chmeleff, 2010; Korschinek, 2010) and relative simplicity 
of sample processing and production pathways make 10Be a suitable tool 

to date geologically young surfaces (Brown 1987; Morris 1991), and 
thus 10Be has been a popular geochronometer in the studies of glaciated 
landscapes worldwide for determining the history of the Quaternary 
glaciations (Balco, 2011). In western North America, surface exposure 
dating with 10Be has been applied on bedrock and moraine boulders to 
determine former glacier positions and infer past climate conditions (e. 
g., Gosse et al., 1995a; Phillips et al., 1997; Hancock et al., 1999: Dahms 
2004; Refsnider et al., 2008; Rood et al., 2011; Dahms et al., 2018; 
Marcott et al., 2019; Schweinsberg et al., 2020; Laabs et al., 2020). 

The production rate of cosmogenic 10Be at Earth’s surface varies in 
space and time because of variations in the geomagnetic field and at-
mospheric pressure, both of which change with latitude, altitude, and 
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time (Lal and Peters, 1967; Lal, 1991; Lifton et al., 2005; Balco et al., 
2008). Thus, a geographic and temporal scaling is required in the age 
calibration (Nishiizumi et al., 1989). However, the effects of many 
geological (e.g., erosion and isostatic rebound) and climatological (e.g., 
snow cover) processes on surface exposure ages, which also have spatial 
variations, are not explicitly quantified and incorporated into common 
age calculations. For example, steep climatologic gradients across a 
complex mountainous terrain, such as that in western North America, 
can influence 10Be ages by imposing variable snow shielding across the 
space; these spatial variations of snow shielding have not been system-
atically assessed at continental scales and the relatively few 
exposure-age studies that applied snow corrections have generally relied 
on modern regional-scale climatological data or other site-specific as-
sumptions (e.g. Licciardi et al., 1999; Licciardi et al., 2001; Benson et al., 
2004; Hormes et al., 2008; Hippolyte et al., 2009; Delunel et al., 2014; 
Hippe et al., 2014; Margold et al., 2014; Chenet et al., 2016). However, 

the vast majority of studies do not apply a snow correction and either 
assume that the local snow shielding is insignificant, which is plausible 
based on modern snowpack data and/or assumptions of snow 
wind-sweeping of boulder surface, or posit that snow shielding effects 
are within the uncertainties of the age calculation itself (e.g., Phillips 
et al., 2006; Dubé-Loubert et al., 2018; Marcott et al., 2019). How and 
whether to apply a snow correction for any particular set of surface 
exposure ages is therefore important, both for robust data interpretation 
and for providing more confidence in the method itself. 

Here, we compile a dataset of 1341 10Be ages from alpine moraine 
ridges across the western North America (Fig. 1), which are archived in 
the newly developed Sparrow Database (https://sparrow-cosmo. 
geoscience.wisc.edu/). We use this compiled dataset, along with mod-
ern snow reanalysis data and computer-simulated historical snow data 
(TraCE-21ka), to quantitatively illustrate the significance of snow 
shielding on 10Be-based ages from bedrock and boulders samples for 

Fig. 1. Map showing the location of all samples in this data compilation and the ranges of general geographic regions. Names correspond to descriptions in text.  
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constraining past glacial and climate histories. Our study focuses on 10Be 
and should generally apply to other nuclides with spallation-dominated 
production, but does not address the slower production pathways, such 
as those associated with 36Cl, which have a more complicated accu-
mulation paths in rocks and require more complex modeling when snow 
is present. 

2. Data and methods 

Our 10Be dataset is based on a global synthesis (Heyman et al., 2016) 
and newly archived data and metadata as part of this study; metadata 
include geographic coordinates, elevations, sampling material, pub-
lished ages, and other sample and site-specific information (Table 1). For 
the purposes of this paper, we spatially limit this synthesis to the western 

United States and western Canada which results in 1341 individual 
dated samples (more than 80% have an age between 8 ka and 26 ka), 
among which 172 are from bedrock derived samples, 15 are from cobble 
to pebble sized materials, and 1154 are from glacially transported 
boulders. We recalculated all of the 10Be ages using the online cosmo-
genic age calculator (v.3) (Balco et al., 2008) for each of the three 
commonly used scaling factors (i.e. St, Lm, and LSDn). Of the boulder 
samples, we also compiled boulder height data for 697 samples. These 
samples are generally grouped into seven clusters differentiated by ge-
ography: the Pacific Northwest, Canadian Rockies, Northern (U.S.) 
Rocky Mountains, Sierra Nevada, Great Basin, Uinta and Wasatch 
Ranges, and Colorado Plateau (Fig. 1). 

Modern monthly snow water equivalent (SWE) data were derived for 
years between 1998 and 2020 and retrieved from the Canadian Mete-
orological Centre (CMC) Daily Snow Depth Analysis Data Version 1 
(Brown and Brasnett, 2020), which provides snow reanalysis data 
covering the entire Northern Hemisphere at a spatial resolution of 24 
km × 24 km. This dataset contains monthly mean snow depth and 
estimated SWE at each grid point. The monthly mean snow depth is 
calculated from the daily snow depth data in the same database, and the 
daily depth is derived from real-time in-situ daily snow depth observa-
tions with an interpolation based on a snow model of analyzed tem-
peratures and forecast precipitation (Brasnett, 1999). The monthly SWE 
between October and June is determined by the snow depth and the 
estimated snow density based on the empirical Northern Hemispheric 
snow classes from Sturm et al. (1995), which assign snow densities based 
on the month and geographic settings (tundra, taiga, maritime, 
ephemeral, prairie, and alpine). 

The snow correction factor (F) of each 10Be sample (Gosse and 
Phillips, 2001) is calculated by: 

F = 1
12

∑n

1
e
−ρw∗SWE

Λ (1)  

where ρw is the water density (1 g/cm3), n is the month, Λ is the spal-
logenic neutron attenuation length for which we assume as 160 g/cm2 in 
this study (Gosse and Phillips, 2001), and SWE is the snow water 
equivalent data (in cm) retrieved from the CMC dataset (Brown and 
Brasnett, 2020). The SWE data are integrated for each month at each 
grid space, and interpolated across the space by the inverse distance 
weighting (IDW) method in ArcGIS Pro, and are then assigned to sam-
ples in the 10Be dataset by the geographic coordinate. 

In order to reconstruct historical snow depth from 22,000 years ago 
to present, we use a downscaled climate model product for North 
America from Lorenz et al. (2016), which relies on the coarser 
TraCE-21ka simulations (Liu et al., 2009; He, 2011). For this analysis we 
use monthly mean air temperature (2-m) and precipitation, which is 
provided on a 0.5◦ grid. Because snow depth is neither explicitly 
modeled nor a direct output from the climate model, we use a common 
approach to calculate snow depth from the model output using air 
temperature and precipitation (Krasting et al., 2013). First, we calculate 
the fraction of monthly precipitation falling as snow as a function of 
temperature (Cehak-Trock, 1957; Legates, 1987; Rawlins et al., 2006): 

f = 1
1.0 + 1.61 × (1.35)T (2) 

Here, f is the monthly mean fraction of total precipitation that falls as 
snow, and is based on the mean air temperature, T (in ◦C). We apply this 
fraction to the monthly mean precipitation from the climate model 
output (Lorenz et al., 2016) to derive the snow depth equivalent back to 
22,000 years ago at 500-year time intervals with an assumed constant 
10:1 snow-to-liquid ratio. We assume the climatological condition 
before the LGM was similar to the LGM condition, so for samples older 
than 22,000 years (n = 273, among which 207 are older than 30,000 
years), the output at 22,000 years ago is used for the duration before the 
LGM. Note that the climate model does not calculate snow depth beyond 

Table 1 
Original publications that contributed to this data compilation, and the number 
of samples from each study.  

Publication Samples Publication Samples Publication Samples 

Amos et al. 
(2010) 

6 Gosse et al. 
(1995a) 

16 Menounos 
et al. (2013) 

6 

Balbas et al. 
(2017) 

8 Gosse et al. 
(1995b) 

37 Menounos 
et al. (2017) 

6 

Becker et al. 
(2018a) 

20 Guido et al. 
(2007) 

7 Munroe et al. 
(2006) 

21 

Becker et al. 
(2018b) 

36 Howle 
et al. 
(2012) 

4 Nishiizumi 
et al. (1993) 

11 

Benn et al. 
(2006) 

13 Kohut 
(2011) 

20 Owen et al. 
(2003) 

51 

Benson et al. 
(2004) 

5 Laabs and 
Munroe 
(2016) 

14 Phillips et al. 
(1997) 

10 

Benson et al. 
(2007) 

25 Laabs et al. 
(2007) 

13 Pierce et al. 
(2017) 

16 

Breckenridge 
and Phillips 
(2010) 

5 Laabs et al. 
(2009) 

27 Quirk et al. 
(2018) 

17 

Briner (2009) 22 Laabs et al. 
(2011) 

24 Quirk et al. 
(2020) 

22 

Brugger 
(2007) 

7 Laabs et al. 
(2013) 

28 Refsnider 
et al. (2008) 

16 

Brugger et al. 
(2019a) 

17 Laabs et al. 
(2020) 

38 Rood et al. 
(2011) 

102 

Brugger et al. 
(2019b) 

10 Leonard 
et al. 
(2017) 

32 Ruleman et al. 
(2018) 

9 

Dahms et al. 
(2018) 

48 Licciardi 
and Pierce 
(2008) 

71 Schaefer et al. 
(2006) 

4 

Darvill et al. 
(2018) 

32 Licciardi 
and Pierce 
(2018) 

6 Schildgen 
(2000) 

5 

Dühnforth 
and 
Anderson 
(2011) 

15 Licciardi 
et al. 
(2001) 

43 Schweinsberg 
et al. (2020) 

35 

Dühnforth 
et al. 
(2010) 

28 Licciardi 
et al. 
(2004) 

29 Tranel and 
Strow (2017) 

2 

Dulfer et al. 
(2021) 

8 Mahan 
et al. 
(2014) 

1 Tranel et al. 
(2015) 

5 

Egli et al. 
(2020) 

8 Marcott 
et al. 
(2019) 

134 Tulenko et al. 
(2020) 

12 

Fabel et al. 
(2004) 

22 Margold 
et al. 
(2014) 

8 Ward et al. 
(2009) 

19 

Fleming 
(2019) 

17 Margold 
et al. 
(2019) 

16 Wesnousky 
et al. (2016) 

37     

Young et al. 
(2011) 

11  
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2 m (Krasting et al., 2013), nor does it consider the snow melting. Hence 
for this study, we instead estimate snow accumulation based on the 
modeled precipitation and the assumed melting based on a Positive 
Degree Day (PDD) model (Blard et al., 2007). We calculate the monthly 
snow melt (M) by: 

M = Tpos ∗ DDF (3)  

where Tpos is the monthly mean of the daily maximum positive tem-
perature (◦C) derived from the climate model output and DDF is the 
snow’s degree day factor. For this analysis we apply the monthly mean 
of the daily maximum positive temperature that is derived by averaging 
the model minimum and maximum temperatures with an imposed daily 
cycle about the mean. We then integrate across all positive temperatures 
for each month to derive the daily maximum positive temperature. 
Applying the monthly mean maximum temperature in the PDD model 
likely overestimates the melt in our methodology, but we prefer this to 
using, for instance, the monthly mean temperature which clearly un-
derestimates melt since below-freezing temperatures are still retained 
across much of the summer months. 

For this analysis we use 100 mm/◦C/month for the snow DDF (Hock, 
1999, 2003). For each year (time snap) in the time series, the snow starts 
to accumulate in September, and the monthly snow depth is calculated 

by: 

hn (i) = hn (i−1) + P ∗ f(i) − M(i) (4)  

where P is the total precipitation, f is the monthly mean fraction of total 
precipitation that falls as snow calculated in Eq. (2), M is the monthly 
melt, and i indicates the month. We assumed 0 snow accumulation in 
summer months (June, July, and August), or any other months that 
resulted in a negative hn value. For the time-integrated snow data and 
PDD modeling, we calculated the snow correction factor (F) by: 

F = 1
12

∑n

1
e
−ρn∗hn

Λ (5)  

where ρn is the snow density, hs is the snow depth (as calculated in Eq. 
(4)), and other parameters are same as in Eq. (1). We set the snow 
density to be 0.25 g/cm3 based on the mean of modern snow data 
(Brown and Brasnett, 2020) and SNOTEL data in our study area (see the 
sensitivity test with SNOTEL below). 

The snow depth parameter (hn) in Eq. (5) applied in our calculations 
is assumed to be equivalent to the local snow depth for the bedrock to 
cobble-sized samples but varies for the boulder samples depending on 
how we consider the influence of boulder heights above the local 
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Fig. 2. Distribution of ages in this study before and 
after applying snow correction factors. A) The distri-
bution of ages after applying the snow correction 
factor for modern snow (red) and the time-integrated 
snow (blue) data, both without considering wind 
sweeping. Gray bins are recalculated ages from pub-
lished sample metadata under the LSDn scaling factor 
(Balco et al., 2008). B) Same as A but considering the 
effects of wind sweeping. Green vertical bars demar-
cate the Bølling-Allerød and Younger Dryas (YD) 
periods.   
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landscape. We partition the snow shielding scenarios as two end- 
member states regarding boulder heights. The first scenario is that the 
snow accumulation is considered ‘wind-swept’ on top of the boulders 
(Ivy-Ochs et al., 1999) and that the boulders were only shielded when 
the total snow accumulation exceeded boulder height. In this scenario, 
snow depth used in the calculation is zero when the boulder height is 
taller than the local snow depth and is the difference between the 
boulder height and the local snow depth when the boulder is smaller 
than the local snow depth. The second scenario is that snow depths on 
top of boulders are equal to local snow depths, which means the boulder 
heights will not influence the snow correction factor. Thus, boulder 
heights are ignored for this scenario and the local snow depth data, as 
they are for the bedrock to cobble sized samples, are used in the snow 
correction calculation. 

The snow correction factor (F) indicates how much the 10Be age has 
been shifted by the snow shielding. A higher snow correction factor 
means a lower degree of snow shielding, and a snow correction factor of 
1 indicates totally snow free and thus no shifting of age by snow. 

Snow-corrected ages (Asnow) for all samples (Fig. 2) are calculated 
by: 

Asnow =
A
F (6)  

where A is the sample exposure age derived from the online cosmogenic 
calculator (v.3) (Balco et al., 2008) and F is the snow correction factor. 
This calculation is a simplification and assumes spallation is the only 
production pathway. 

The time-integrated snow correction factor is then calculated using 
Eq. (5) for all samples by using the reconstructed historical snow depth 
and assuming the contemporary climatological snow density for each 
month across the time domain. The gridded snow correction factor is 
calculated at 500-year timesteps back to 22,000 years ago, and for each 
geographical region in our study we show the mean snow correction 
factor time series and corresponding standard deviations (Fig. 3). 

3. Results 

The mean elevation of all 1341 bedrock and boulder samples in our 
synthesis is approximately 2495 m above the sea level, and the elevation 
range of all samples is from 36 to 3871 m. The range of sample latitude is 
between 31.0◦N and 56.5◦N. Among them, 774 samples have a latitude 
between 37.0◦N and 41.0◦N, while 390 more samples are distributed 
between 41.0◦N and 47.0◦N. The average boulder height is 127 cm 
(±82 cm, 1 sd) for the 695 moraine boulder samples with known 
heights. On average the boulders are 104 cm above the reconstructed 
local, modern March snow depth, and approximately 5% of those 
boulders are smaller than the local March snow height. 

Snow density and snow depth generally vary spatially as a function 
of latitude and altitude, and vary temporally as a function of seasonal 
changes and large-scale shifts in climate since the LGM. Higher latitude 
and higher altitude locations usually have deeper snow accumulation 
under the modern setting, while in the summer months (July–Sep-
tember) most of our study area does not have snow coverage. The 
Northern Rocky Mountains have the thickest snow in February (mean/ 
min/max: 36.5, 6.8, and 98.4 cm) among all sample locations based on 
the modern snow data, followed by the Pacific Northwest (36.4, 3.4, and 
108.9 cm), the Sierra Nevada (32.1, 2.6, and 70.4 cm), and the Canadian 
Rockies (24.7, 2.5, and 66.2 cm). These regions thus have large amounts 
of snow shielding which influence their respective cosmogenic exposure 
ages. Compared to other sites, the Great Basin lies in a climatological 
precipitation shadow where the mean snow thickness of February at all 
sample locations is only 4.9 cm (min/max: 1.5 and 5.9 cm). The Colo-
rado Plateau, Uinta and Wasatch regions have intermediate snow depths 
among site locations in this study (mean values are between 15 and 20 
cm) because they are farther from an ocean moisture source, located at 

higher elevations, and are outside any major rain shadow while 
receiving some local moisture recharge from more proximal sources 
such as the Great Salt Lake. 

There are also spatial variations in snow density among the general 
regions. Based on our modern snow data, the Colorado Plateau, North-
ern Rocky Mountains, and Sierra Nevada sites generally have higher 
snow density at sample locations, which means that in these regions the 
annual durations of snow coverage are likely longer and thus increase 
the snow shielding. Within each region, the snow density and depth vary 
with physical geographic properties, including the elevation, slope 
aspect, and local rain shadowing. For example, in the Sierra Nevada, our 
data show that the snow density has a sharp gradient on the western face 
of the range and a gradual gradient on the eastern face. 

The spatiotemporal variation in the time-integrated paleo-snow data 
shows a general south to north shift in the zone of greatest snow accu-
mulation through time (Fig. 5). During the LGM the mean position of 
wintertime snow is pushed further to the south where the Colorado 
Plateau, Uinta and Wasatch, Great Basins, and Sierra Nevada received 
more snow than the present (locally >500 cm in November), while the 
Canadian Rockies and the inland half of the Pacific Northwest regions 
had thinner snow coverages. During the Younger Dryas (YD) cold in-
terval (12.9–11.5 ka), sites in Canada began to accumulate more snow 
while in the southern part of our study area the depth of snow began to 
decrease. By the mid Holocene (5 ka) the snow depth in the Colorado 
Plateau dropped close to its current level. 

Assuming snow accumulation is wind-swept on top of the boulders 
and boulders were only shielded when the total accumulation exceeded 
boulder height, the mean snow shielding adjustment for all samples is 
5.9% (modern snow data) or 13.4% (time-integrated data) across 
western North America. If the boulders are not wind-swept, then the 
snow depths on top of boulders would be equal to the local snow depth, 
making the mean snow shielding adjustment for all samples 12.1% 
(modern snow data) or 17.1% (time-integrated data). Our sample lo-
cations have diverse geographical setting in terms of latitude, topog-
raphy, and the proximity to the ocean. To better assess how the snow 
shielding effect changes across these geographic settings and where 
samples with higher or lower snow correction factors are clustered, we 
apply the Getis-Ord Gi* analysis, a statistical method for identifying 
high-value and low-value clusters in spatial data (Getis and Keith Ord, 
2010). Based on our analyses, clear spatial patterns can be observed as 
higher and lower snow correction factors (Fig. 4). The Sierra Nevada 
generally has lower snow correction factors which indicate a relatively 
higher level of snow shielding compared to the full spatial domain, while 
the Canadian Rockies and Great Basin regions have higher snow 
correction factors which indicate a relatively lower level of snow 
shielding. The Uinta and Wasatch region has lower snow correction 
factors in the time-integrated snow data and has higher snow correction 
factors in the modern snow data (Table 2). When boulder heights are 
ignored with respect to snow cover and the time-integrated snow data 
are considered, the uppermost bounds of snow shielding within our 
study area are reached and shift to the lower correction factors (more 
snow shielding effects) across most of the domain. For the Uinta and 
Wasatch region the change is the most significant (0.92 to 0.82 for Uinta 
and Wasatch region, and 0.89 to 0.86 for all data) and thus this region 
changed from relatively higher snow correction factors under the 
modern snow data into a relatively lower value under the 
time-integrated snow data. 

Adjusted sample ages are calculated based on the snow correction 
factors for each region under four scenarios: 1) not wind-swept under 
modern snow data, 2) wind-swept under modern snow data, 3) not 
wind-swept under time-integrated snow data, and 4) wind-swept under 
time-integrated snow data (Fig. 2). The snow correction amount for 
LGM-aged samples (whose ages are between 23 and 18 ka) are provided 
in Table 2. On average the LGM-based samples are approximately 2480 
or 3550 years older (modern and time-integrated snow data, respec-
tively) than their published ages when not wind swept, and 1370 and 
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Fig. 4. Clusters of samples with higher and lower snow shielding detected by the Getis-Ord Gi* test under different scenarios. Blue colors indicate lower values in the 
snow correction factors which indicates larger amounts of shifting in the age by snow shielding. Red colors indicate higher values in the snow correction factors 
which indicates smaller amounts of shifting in the age by snow shielding. Histograms show the distribution of snow factors under each scenario. 
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2790 years older when wind-swept on top of the boulders. Variations 
can be observed across different general regions, through space and 
time. On average the Great Basin has the smallest amount of snow 
correction, which can be explained by the small amount of snow accu-
mulation in that region both for the modern conditions and in the 
climate model simulated estimates.The Pacific Northwest has the 
greatest amounts of snow age correction, which can be explained by its 
proximity to the Pacific Ocean (i.e. the moisture source) and higher 
elevation. The Sierra Nevada has the second highest amounts of snow 
age correction for these same reasons despite its lower latitude. 

4. Discussion 

Previous studies have suggested the importance of quantifying snow 
shielding and its influence on the age calculation of cosmogenic surface 
exposure dating. Prior studies such as Schildgen et al. (2005) found that 
in Scotland snow shielding can reduce the long-term nuclide production 
rate by 12%–14% at altitudes as low as only 900 m. Delunel et al. (2020) 
presented a snow shielding model for 10Be production rates based on a 
data compilation in French and Swiss Alps, and found a negative cor-
relation between the snow shielding factor and catchment elevation. In 
the western United States, Benson et al. (2004) utilized effective wetness 
as a proxy to reconstruct the snow shielding factor in north-central 
Colorado and found snow shielding to be potentially responsible for as 
much as 48% of the discrepancies between cosmogenic nuclides ages 
and their expected ages based on existing knowledge of past climate 
histories. In some instances, local-scale corrections have been applied to 
3He and 10Be data based on modern snow surveys and applied through 
time to account for snow shielding effects (Licciardi et al., 2001). Here 
we provide a more comprehensive snow shielding analysis for the 

western United States and Canada and extend the work from prior 
studies (e.g. Licciardi et al., 1999) to a wider geographic area and 
temporal ranges through the incorporation of modern snow reanalysis 
and simulated historical climate data. 

We calculated the percentage of ages shifted by the snow shielding 
for all the LGM samples (ages between 23 and 18 ka) in our dataset 
(Table 2). On average, ages of all LGM samples in the compilation are 
shifted by about 17.2% under the time-integrated snow data without 
considering the wind-sweeping. This illustrates that snow shielding can 
significantly influence the 10Be ages in western North America when 
considering variations in historical snow depth. There is no clear cor-
relation between the modern snow shielding and elevation (Pearson 
correlation coefficient = 0.03, single-predictor regression R2 < 0.01) or 
latitude (correlation coefficient = 0.15, R2 = 0.02), but we find that the 
heterogeneity of snow shielding exists between different geographical 
regions. For example, ages of LGM samples in the Sierra Nevada region 
are shifted by about 17.8% on average under the time-integrated snow 
data without considering the wind-sweeping, which demonstrates that 
the snow effect is high in this region while those in the Great Basin are 
only shifted by 3.5% on average under the same scenario, which dem-
onstrates that the snow effect is relatively low. 

In addition to spatial heterogeneity, our recalculated ages of LGM 
samples reveals temporal variation of snow factors in our study area. For 
instance, LGM sample ages in the Great Basin are shifted by less than 1% 
under the modern snow data but shifted by 3.5% under the time- 
integrated snow data when no wind-sweeping is assumed. This is 
because the Great Basin region received more snow during the LGM and 
the last deglaciation compared to the modern climatology (Figs. 3 and 
5). Five of the seven regions have larger snow corrections for LGM 
samples under the time-integrated snow data than under the modern 

Fig. 5. Maps of snowfall changes from the PDD-based time-integrated snow data. The snow depths maps (A to F) show differences from modern snow conditions for 
the spring and fall seasons for time slices at the LGM (22 ka), Younger Dryas (12 ka), and mid-Holocene (5 ka). Red colors are lower snow depth compared to the 
modern snow and blue colors are higher snow depth. Modern snow depths are shown in G and H for comparison. Note: snow depth difference maps (A to F) are in 
millimeters and snow depth maps are in centimeters (G and H). 
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snow data. The exceptions are the Canadian Rockies and Northern 
Rocky Mountains. This is likely related to the higher latitude and con-
tinental setting of these locations, where the moisture depletion related 
to the migration of jet stream during the retreat of the Laurentide Ice 
Sheet led to less snowfall (McGee et al., 2018; Lora and Ibarra, 2019; 
Amaya, 2022). 

We also find that results can vary substantially when considering 
whether snow on top of boulders is considered wind-swept or not. Our 
analysis results in two end member scenarios regarding the wind- 
sweeping of snow (Table 2). While the site-specific environment is 
likely more complicated than our binary sensitivity test, the actual snow 
correction factors are likely being constrained between these two end 
members. For example, for the time-integrated snow data, LGM ages of 
Colorado Plateau samples are shifted by 23.2% when the non-wind- 
swept scenario is assumed and by 18.9% when the wind-swept sce-
nario is assumed; ages for the Northern Rocky Mountains region are 
shifted by 10.9% when the non-wind-swept scenario is assumed and by 
6.6% when the wind-swept scenario is assumed. Based on prior work by 
Heyman et al. (2016), which found that groupings of ‘tall boulders’ often 
yield older clustered exposure ages, it can be argued that the snow 
correction factor is closer to the wind-swept scenario. However, when 
applying the time-integrated snow data, the differences between 
wind-sweeping and non-wind-sweeping are generally reduced, because 
in most places the depth of the snow would have exceeded the heights of 
the boulders during the LGM, thus making it rare for the top of the 
boulder to be completely snow-free. 

The spatial coverage and properties of snow are modeled to have 
changed through time (Collins et al., 2006), and the snow correction 
factor changes accordingly in our analyses (Fig. 5). Snow accumulation 
was higher than modern in the southern part western North America 
during the LGM (e.g., 22,000 years ago) because the jet stream was 
further south compared to present-day (Kutzbach 1987; Oster et al., 
2015; Tulenko et al., 2020; Amaya, 2022). As a result, samples in the 
Sierra Nevada and Colorado Plateau generally experienced a higher 
level of snow shielding in the LGM and during the early phases of the last 
deglaciation (Fig. 3) before the jet stream migrated northward. The 
Pacific Northwest region also had higher snow shielding in the LGM 
mainly because of increased spatial winter snow coverage. The temporal 
variations in the snow accumulation and coverage in the Canadian and 
Northern Rocky Mountains are relatively minor in comparison, likely 
because of their more continental snow climate (i.e., greater distance 
from the ocean and rain shadow effect), resulting in reduced snowfall, 
even compared to what is estimated in the reanalysis data for the present 
day. Based on our analyses, the historical snow correction factors in 
these two general regions only have a gradual increase through time in 
the snow correction factor reflecting this phenomenon. 

The spatiotemporal shifting of snow shown in our results (Fig. 5) is 
consistent with latitudinal shifts in the jet stream (Kutzbach, 1987). The 
jet stream was located further to the south 22,000 years ago than the 
present day, due to a combination of the thermal and mechanical forcing 
of the Laurentide Ice Sheet (Bromwich et al., 2004) and 
ocean-atmosphere feedbacks forced in part by ice sheet albedo (Amaya, 
2022). Therefore, simulations of wintertime precipitation show a gen-
eral increase for areas of southern Western North America (Bush and 
Philander, 1999), and are consistent with proxy records of precipitation 
(Oster et al., 2015). Following the LGM, the Laurentide Ice Sheet 
retreated further to the north with models demonstrating that the jet 
stream and general snowpack also shifted northward (Kutzbach 1987). 

We compare our results to some previous snow shielding studies. 
Benson et al. (2004) found that snow shielding can shift ages of exposure 
dated Pinedale boulder samples (20.9–16.5 ka) by 12% in north-central 
Colorado. In our compilation, 10Be ages from Colorado Plateau are 
shifted by 19% (not wind-swept) or 15% (wind-swept) for samples 
within the same temporal range. Gosse et al. (1995a) estimates that YD 
sample ages at Inner Titcomb Lakes moraine (Wind River, Wyoming) 
can be shifted by as much as 4% after considering snow effects. Our Ta
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compilation shows that in the similar region (Northern Rocky Moun-
tains), near-YD sample ages (13–11 ka) are shifted by 13.0% (not 
wind-swept) or 3.3% (wind-swept). These estimations of snow shielding 
are within or close to the ranges bounded by snow and wind scenarios in 
our study but are closer to the wind-swept scenario which are consistent 
with what was inferred from Heyman et al. (2016) that snow correction 
factor is likely closer to the wind-swept scenario. 

While our study presents a large-scale snow dataset when consid-
ering cosmogenic data in western Canada and the United States, we 
acknowledge that there are limitations of our analyses. The spatial and 
temporal resolutions of our snow data are not high enough to differen-
tiate local variations in snow property at a specific location (i.e. sub- 
kilometer scale). For mountainous regions of western North America 
with complex topography and gradients, such a coarse spatial resolution 
is not necessarily sufficient to determine the snowfall coverage at each 
specific 10Be sample site. Therefore, we perform a sensitivity test using 
data from the Snow Telemetry (SNOTEL) network (USDA Natural Re-
sources Conservation Service, 2021). SNOTEL sites are more accurate 
measures of local snowfall and snow density but are not evenly 
distributed across our study area. Interpolating the SNOTEL data across 
the entire western North America leads to large spatial biases and sig-
nificant errors for regions with few to no SNOTEL station data. There-
fore, for our sensitivity test we choose SNOTEL stations within a 10-km 
radius and within 150 m of elevation to our 10Be dataset and that have 
monthly mean snow depth and snow density data from 1991 to 2020. 
Based on these criteria we are left with 165 10Be samples that are 
adjacent to these sites. 

From this sample dataset we use the data from that SNOTEL site to 
calculate the corrected age for the corresponding 10Be sample applying 
the LSDn scaling to Equations (2) and (4). If more than one SNOTEL site 
exists within this search range, the data from the one closest to the 
sample are used. We then compare the snow depth, snow density, and 
recalculated age data for these samples based on SNOTEL and the 
modern reanalysis snow data. Overall, the SNOTEL data demonstrate 
higher snow depth and density values than the reanalysis data (Fig. 6). 
After recalculating the ages, the SNOTEL corrected data are older than 
the reanalysis data on average by 1.5% under the non-wind sweeping 

scenario and 2.7% under the wind-swept scenario (Fig. 7). Based on this 
sensitivity test, the reanalysis data appear to smooth the snow depth and 
density because of the coarse gridding. Snow depths and densities are 
lowered by the reanalysis data for samples at higher elevations, while 
they are raised by the reanalysis data for samples at lower elevations in 
this dataset. In macroscopic terms, the snow shielding calculated from 
the reanalysis data is conservative compared to that calculated from the 
SNOTEL data, but the difference in terms of the correction to the 
cosmogenic dates is largely indistinguishable within the age 
uncertainties. 

For our snow modeling exercise with the CCSM3 climate output, we 
calculate snow depth from the climate model assuming a constant Snow 
To Liquid Ratio (SLR) of 10:1, which is a simplified assumption and 
likely alters through changes in temperature and moisture source loca-
tions (Baxter et al., 2005). The presence of some major prehistorical 
lakes in the western North America, like Lake Bonneville and Lake 
Lahontan, are known to have influenced regional snow patterns during 
their lifespans (e.g. Hostetler et al., 1994), but are not incorporated into 
this study. Accordingly, climate model choice can influence the simu-
lated history of snow accumulation and coverage, however, the model 
we use is a downscaled version (Lorenz et al., 2016) of CCSM3 (He, 
2011) which was shown to agree with LGM and last deglaciation pre-
cipitation proxies across western North America (Oster et al., 2015), 
giving confidence to the reconstructed historical snow patterns used in 
this study. 

The raw climate model can provide monthly snow precipitation data, 
but cannot discern the snow accumulation across months or snow 
melting, therefore we utilize a PDD model (Blard et al., 2007) to 
incorporate snow accumulation and melting into our analysis. However, 
we acknowledge that there are limitations preventing the PDD model 
from being a precise representation of snowfall conditions across our 
entire domain. For example, we choose a single snow DDF value (Eq. 
(3)) for our PDD calculation despite spatial variability in this value today 
(Hock, 1999, 2003), which may under- and overestimate the melting in 
some locations. Using a distributed PDD model may be advantageous, 
but given the vast spatial range of our data and the coarse resolution of 
the climate model output, distributed degree day factors may be of 
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limited utility for this modeling exercise. Our choice of SLR and snow 
density values for the PDD model likely also influence the results of our 
study. We use a SLR of 10:1 for the fresh snow at all locations, but spatial 
heterogeneity in these values is known. Baxter et al. (2005) illustrates 
that the annual mean SLR in the modern western United States could 
vary from 16:1 in Montana to about 6:1 in coastal California. Density 
data from the snow reanalysis dataset (Brown and Brasnett, 2020) are 
based on the month and geographic location of the sample site. Gener-
ally, ‘old snow’ in spring and early summer (e.g. > 0.3 g/cm3 in May for 
taiga settings) is denser than ‘fresh snow’ in fall (0.16 g/cm3 in October 
and 0.18 g/cm3 in November for taiga settings). Ephemeral snow, which 
is usually single snowfall events that melt away quickly, has a higher 
density (0.3 g/cm3 in November) (Sturm et al., 1995; Brown and Bras-
nett, 2020). In other geographic settings, tundra snow has the highest 
mean density (e.g. 0.21 g/cm3 in November) followed by alpine, mari-
time and taiga snows (around 0.18 g/cm3 in November). Snow in the 
prairie setting generally has the lowest density (0.16 g/cm3 in 
November) (Sturm et al., 1995; Brown and Brasnett, 2020). Since our 
study only focuses on the general trend over a large area, we use an 
average value of 0.25 g/cm3 based on the reanalysis data and measured 
snow density at SNOTEL sites that are close to our sample sites. 

Another limitation of this study is that we did not include the snow 
history at production rates calibration sites in our model exercise. Age 
adjustments in Table 2 would likely be reduced if the snow cover at the 
production rate calibration sites was taken into account. Calibration 
sites and other sample sites may have experienced similar snow cover 
throughout the history, and this would reduce the amount of correction 
for exposure age. This was beyond the scope of this study but future 
work could incorporate this into the final analyses. 

Ultimately, the reconstructed snow patterns used here only illustrate 
the potential influence on snow shielding when considering historical 
snow changes and are not intended to be an absolute quantitative metric 
for applying corrections to ages. Our assumptions on the wind-sweeping 
effects and the snow density calculations for the historical data also 
contribute to uncertainties within our analyses. In addition to wind 
sweeping, the influence of albedo could be another factor that minimizes 
the impact of snow cover on exposure ages. Boulders have a much lower 
albedo than snow, and this tends to reduce the amount and duration of 
snowpack that persists on the boulder tops. Other considerations of 
topography, boulder orientation, and historical wind patterns, all of 
which could potentially influence the snow property and wind-sweeping 
scenario, are not considered in this study. However, from this study a 
general picture of the spatiotemporal variabilities of the snow shielding 
effects across western North America is illustrated in a consistent 

framework, which agrees with more locally based analyses. Accord-
ingly, the effects of snow shielding are highlighted using several sce-
narios to provide general estimates of the effects of snow shielding on 
cosmogenic surface exposure ages across complex geography where 
several thousands of dates now exist. Although this study focuses on the 
effect of snow shielding in age calculation, it would also be worthwhile 
to have the snow shielding included in the calibrated production rates 
for sites where the snow cover has been deep enough to affect the 
production. 

5. Conclusions 

We present a synthesis of snow and 10Be data across western North 
America to illustrate the importance of snow shielding in cosmogenic 
nuclide dating in complex topographic terrains. We find that snow 
shielding can significantly influence the exposure age estimates, and the 
spatial and temporal variation of snow cover plays an important role in 
determining the calculated ages. For example, when considering the 
time-integrated snow data, the age of an LGM sample in the Sierra 
Nevada of California could be shifted by almost 17.8% but only 3.5% in 
the Great Basin when no wind-sweeping is assumed. Also, we find that 
the modern snow cover data are not representative enough for calcu-
lating the snow factor in western North America during the latest 
Pleistocene since the snow pattern and accumulation has changed 
significantly through time, with snow-corrected ages calculated from 
the modern data differing from those calculated using time-integrated 
data by up to 20% (for different wind-sweeping scenarios). Assump-
tions of wind-sweeping of snow cover also have large implications where 
10Be ages under wind-swept and non-wind-swept scenarios can differ by 
7.6% on average for LGM samples. These analyses provide a first-order 
quantification of the spatiotemporal variability and complexity of snow 
shielding effects on surface exposure dates across western North 
America and further highlights the need to consider snow depth varia-
tions both spatially and temporally when conducting surface exposure 
dating in complex topographic terrains. 
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Data availability 

The 10Be dataset and time-integrated snow correction factors 
calculated in this study are available on the GitHub repository: 
https://github. 
com/yeshancqcq/snow_sheilding_correction_factors_western_NAm. The 
10Be data are also hosted on the Sparrow database 
(https://sparrow-data.org/). 
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