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1. Introduction
Physics-based snow models all solve the energy budget equation at the air-snow interface but vary in complexity 
across numerical schemes, process representation and parameterizations (Chen et al., 2014; Essery et al., 2013; 
Etchevers et al., 2004). Snow models also have different implementations of internal snowpack processes and snow 
stratigraphy, which can range from one layer or two layers, to multiple layers (Figure 1). The choice of layering 
scheme affects the modeled snow surface and snowpack temperatures (Dutra et al., 2012; Lecomte et al., 2011) 
and therefore melt, water content and water movement through the snowpack. SNTHERM (SNow THERrmal 
Model, Jordan, 1991), and other complex models such as Crocus (Brun et al., 1989, 1992; Vionnet et al., 2012) 
and SNOWPACK/ALPINE3D (Bartelt & Lehning, 2002; Lehning, Bartelt, Brown, Fierz, & Satyawali, 2002, 
Lehning, Bartelt, Brown, & Fierz, 2002; Lehning et al., 2006) represent the snowpack evolution using a large 
number of layers (Figure 1c) and incorporate snow grain evolution and percolation algorithms (e.g., Colbeck & 
Anderson, 1982; Hirashima et al., 2010). Although this level of detail is desired to represent snow aging, compac-
tion and melt processes, the majority of models used for simulations of streamflow have fewer layers.

There is a computational trade-off between the representation of complex snow stratigraphy and running the 
model in a distributed fashion at watershed and continental scales. Historically, large scale hydrologic models 

Abstract Many watershed-scale and land surface models incorporate snowmelt modules with simplified 
representations of the snowpack with three or fewer layers. These modeling choices were traditionally made to 
reduce model complexity and computational demand while still being able to simulate large model domains. 
However, these simple snow layering schemes may not always simulate snow processes and the effects of 
climate change across a range of climatic and geographic conditions. Here we evaluate simple snow layering 
schemes (having two to five layers, commonly found in watershed-scale and land surface models) against 
a synthetic benchmark with up to 100 layers at three locations with different climate conditions using the 
SUMMA modeling framework. We evaluate 10 different layering configurations of two to five layers with 
variable thicknesses and show that the effect of the layering scheme varies with site conditions. We find 
that the layer configuration is more important at a cold high elevation site in the Sierra Nevada, California 
(∼1.4°C annual average temperature), and at a warm site in the French Alps (∼6.5°C), and less important at 
a site in Idaho (∼5.0°C). The top layer thickness of the simpler snow layering configurations also influences 
the simulated snow surface and snowpack temperatures and timing of snowmelt. Our tests showed that the 
five-layer model with thin layers near the surface was closest to the benchmark (median NSE = 0.99), and 
therefore we recommend using multiple snow layers for reliable simulations of snow accumulation and melt 
across a range of climates.

Plain Language Summary In this article we demonstrate that snowmelt models with a small 
number of snow layers (two to three), traditionally part of distributed watershed-scale hydrologic and land 
surface models, may be insufficient to represent a range of snow conditions at a variety of sites. Thus, snow 
models with simple layering schemes cannot fully simulate a range of melting conditions, timing of snowmelt 
and freeze-thaw cycles. Proper representation of these conditions becomes particularly important with 
anticipated changes in climate and subsequent changes in snow conditions at lower elevation sites. Based on 
previous findings and our own analyses, we recommend that snowmelt modules in watershed-scale and land 
surface models include the option to simulate more snow layers, and the associated physics of heat and water 
transfer between them, with thinner layers near the snow surface.
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incorporated a simplified snow model, with one or two layers to simulate the bulk properties of the snowpack 
(Figure  1a). The most used models in this class include the Distributed Hydrology Soil Vegetation Model, 
DHSVM (Wigmosta et al., 1994, 2002), iSnobal (Marks et al., 1999), and the Precipitation Runoff Modeling 
System, PRMS (Leavesley et al., 1983). The snow and forest modules from DHSVM have been adapted for use 
in the larger-scale Variable Infiltration Capacity Model (VIC, Liang, et al., 1994) and have been used to simulate 
snow accumulation and melt scenarios in both the continental U.S. and boreal forests (Andreadis et al., 2009).

Top layer thickness varies across the two-layer snow models, generally ranging from 0.02 to 0.2 m depth. In some 
models (e.g., DHSVM), the thickness is prescribed in terms of SWE. These simple two-layer snowmelt models 
have been extensively used to simulate current snow conditions (Dressler et al., 2006; Du et al., 2014; Hendrick 
et al., 2018; Kormos et al., 2014) and streamflow (Hay et al., 2006), as well as anticipated hydrologic changes due 
to climate warming (Cristea et al., 2014; Elsner et al., 2010; Markstrom et al., 2009) and land use (e.g., Schnorbus 
& Alila, 2004) in many watersheds around the world. In two-layer models, snow simulations were sensitive to 
the prescribed maximum top layer thickness, influencing the simulated turbulent fluxes (e.g., Marks et al., 2008; 
Reba et al., 2014).

In models with more than two layers, the number of layers and their maximum thickness can also be prescribed. 
For example, in the Noah-MP model (Niu et al., 2011), the snowpack can be represented with up to three snow 
layers as a function of snow depth (Figure 1b). At snow depths greater than 0.45 m, the layer thicknesses for the 
top and middle layers are 0.05 and 0.2 m, respectively, while the bottom layer accounts for the remaining snow. 
In the Community Land Model, CLM (Lawrence et al., 2019), the maximum number of snow layers is five, 
although  the option exists to use a maximum of 12 layers to allow for firn modeling. As in the Noah-MP model, 
the snow layer thicknesses in CLM can change dynamically as a function of snow depth.

Originally developed to predict snowpack temperatures, SNTHERM can simulate the snowpack using a very 
large number of layers and has been shown to reliably represent snowpack thermodynamics in a variety of 
climates (Chen et  al.,  2020; Corona et  al.,  2015; Davis et  al.,  1997; Frankenstein et  al.,  2008; Koivusalo & 
Heikinheimo, 1999). Models with numerous layers (e.g., SNOWPACK, SNTHERM, and Crocus) are preferred in 
avalanche and snow microphysics evaluations for their ability to simulate snow properties relevant for avalanche 
forecasting (Morin et al., 2020).

With their detailed snow layering schemes, multiple layer models more closely approximate observed density and 
snowpack temperature profiles than other modeling approaches with fewer layers (e.g., Jin et al., 1999; Koivusalo 
& Heikinheimo, 1999). Xue et al. (2003) showed that a three-layer model with compaction improves simulations 
of SWE during the melting season, as well as temperature and runoff compared with a one-layer model. More 
recently, Arduini et al., 2019 introduced a five-layer scheme in the European Centre for Medium-range Weather 

Writing – review & editing: Nicoleta C. 
Cristea, Andrew Bennett, Bart Nijssen, 
Jessica D. Lundquist

Figure 1. Physically based snowmelt models solving the energy budget at the air-snow interface vary in snow layer 
representation: (a) two-layer models have been commonly used at the watershed scale to simulate runoff and predict changes 
driven by land use change and climate; (b) three-layer models are found in land surface models and climate models; (c) 
multiple layer models better represent snow aging, compaction and percolation processes, but with increased computational 
demand.
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Forecasts Integrated Forecasting System (ECMWF) and showed that the new scheme reduced the snow depth 
root-mean-square error averaged over seven sites by more than 30%, with improvements attributed to an improved 
representation of snow density, especially in deep and cold snowpacks. The choice of the layering scheme across 
models could therefore depend on the scale, site, processes simulated, and the modeling goal (e.g., more layers 
are needed in a model assimilating microwave satellite observations, see Andreadis & Lettenmaier, 2012).

Given the large range of snow layering representations across models, there is a need to assess what are the effi-
cient and robust snow layering schemes for simulating snow accumulation and melt across different climate and 
geographic regions in current and warmer conditions. Earlier work by Blöschl and Kirnbauer (1991) evaluated 
a single-layer and a multi-layer model at an alpine site in Austria using the same energy and mass input and 
observed that the performance of the bulk model varies with the snowpack conditions particularly during the 
freeze-thaw periods, while the multi-layer model provided more adequate representations of the cold content and 
liquid water content for all periods analyzed. Other studies also concluded that multi-layer representations outper-
formed single layer representations (Boone & Etchevers, 2001; Dutra et al., 2012), but did not identify a layering 
configuration that could robustly meet both the model performance and computational criteria across a range of 
climates and snow conditions. For example, Lecompte et al. (2011) tested the performance of a snow component 
developed for a sea-ice model at two different sites with one-to six-layer configuration runs and identical forcings 
but did not provide a single robust number of layers (six were recommended at one site and three at another).

Clark et  al.  (2017) evaluated water movement through the snowpack, and noted that the analytical solution 
matches the model as a function of vertical discretization. In Clark et al. (2017), the analytical solution was used 
as a benchmark to evaluate the coupling of hydrology and thermodynamics as well as the unsaturated flow of 
water through porous media in finite-difference models. With fine vertical and temporal discretization, the model 
properly handled the gradients and represented the liquid water through the snowpack as well as melt-refreeze 
cycles as modeled with analytical solutions. Andreadis and Lettenmaier (2012) tested a five-layer snow model 
scheme against a one-layer model in VIC, also with a finite difference discretization, and found that simulating 
snowpack stratigraphy explicitly improved approximations of snow properties needed to inform data assimilation 
from microwave sensors.

Here, we systematically explore the role that snow layering representation plays in model structural error by 
implementing a number of layering configurations in a controlled fashion at several sites with varying snow 
conditions. To do so we use the Structure for Unifying Multiple Modeling Alternatives (SUMMA, Clark 
et  al.,  2015a,  2015b,  2015c) to examine how model layering schemes affect snowmelt timing and snowpack 
states. Our analysis involves three sites and climates, and a modeling framework that only changes the number 
of layers and their thicknesses with no other changes to isolate the impact of snow layering scheme. SUMMA 
provides flexible customization of hydrologic process representation and parametrization, enabling the inves-
tigation of multiple hypotheses. Wayand et al. (2017) used SUMMA to diagnose the source of errors in snow 
accumulation, while Currier et al.  (2017) evaluated snow density and compaction decisions to simulate snow 
accumulation and melt in the Pacific Northwestern United States.

While other alternatives exist in current snowmelt models (e.g., force restore approaches, etc.), here we specifi-
cally address the effects of the layering schemes in models using finite-difference numerical schemes. Complex 
models with detailed snow layers such as SNTHERM cannot be applied over large areas due to the high compu-
tational demand. However, with increasing computing capabilities, as evidenced by existing work (e.g., Arduini 
et al., 2019), the snow modeling community is considering more snow layers in their models, but the number of 
layers and their thicknesses is still a matter of investigation.

Thus, the overarching objective of the current study is to evaluate how configurations with a reduced number of 
layers (up to five) compare with a layering representation found in models such as SNTHERM. This approach 
allows for a more streamlined interpretation of the results, limiting the confusion introduced by the uncertainty 
in the forcing data and SWE observations. We chose the many layers model as a benchmark for our comparisons 
to maintain consistency across sites and climate conditions. In addition, this approach allows us to investigate 
the models' behavior under different warming (temperature perturbation) scenarios and to analyze the simulated 
snowpack properties in different configurations.

In this work we consider 10 snow layer configurations to compare with the benchmark. For our temperature 
perturbation scenarios we considered changes in air temperature ranging from −2°C to +4°C. Air temperature 
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was shown to exert a great control on the changes in snowpack in the Western US (Musselman et al., 2021) and 
across other mountain systems (e.g., Bender et al., 2020; Kraaijenbrink et al., 2021; Vorkauf et al., 2021). In the 
Sierra Nevada a 1.0°C or 2.0°C increase in average temperature could trigger a 20%–40% increase in the likeli-
hood of below historic average SWE (Huning and AghaKouchak, 2018). Midwinter ablation or winter ablation, 
generally defined as a loss in SWE before reaching peak accumulation, was also found to be widespread across the 
Western US (Musselman et al., 2021), with episodic events increasing in frequency (Harpold & Brooks, 2018). 
Winter ablation can occur due to temperature increases or rain-on-snow conditions, which are likely to become 
more frequent in the future due to the shifts in precipitation phase from snowfall to rain (Musselman et al., 2018). 
Models diverge most in their simulations of winter melt and snowmelt initiation and snowmelt timing (e.g., 
Rutter et al., 2009; Slater et al., 2001), which must be well represented to model future changes in snowpack.

Climate change is expected to also influence other variables that can affect snow patterns such as precipitation 
and humidity (Harpold & Brooks, 2018). In this analysis we focused on the effects of changes in air temperature 
because the layering scheme was shown to have a greater effect on the rate of snowmelt during ablation peri-
ods (e.g., Arduini et al., 2019; Xue et al., 2003). Moreover, snowmelt across the Western US was found highly 
sensitive to air temperature, whereas SWE was found more sensitive to precipitation variability (Musselman 
et al., 2021). Therefore, here we examined the effects of snow layering schemes during episodic winter melt 
events and during spring snowmelt initiation at three sites. We evaluated the snowmelt timing and rates, as well 
as snowpack variables such as snow temperature and cold content, using multi-year model time series at each site.

In summary, the goals of our analysis are: (a) to evaluate how well snow model configurations with reduced 
numbers of layers approximate the model with numerous layers and identify the conditions under which they 
most frequently diverge, (b) to assess how these comparisons change under warmer or colder conditions, and 
(c) to identify the layer configuration that provides consistency of simulations under current, colder and warmer 
conditions across multiple locations. For this analysis, we use SUMMA configurations for the most common 
snow layering scenarios found in snowmelt models: two-layer to five-layer models with different thicknesses 
compared to a SNTHERM-like layering scheme, with up to 100 layers as a benchmark (see details in Section 3.2). 
We use data from three climatically different sites, as described in Section 2, for our model simulations. We 
describe SUMMA assumptions, configurations and modeling scenarios in Section 3. We present and discuss the 
results in Sections 4 and 5, respectively, and conclude and summarize in Section 6.

2. Study Sites
We selected three sites for our study: Dana Meadows, California, United States (US), Col de Porte (France) and 
Reynolds Creek, Idaho (US). We used meteorological data at a point from each of these sites (Figure 2) to simu-
late snowpack evolution with SUMMA under several modeling configurations and scenarios (see Section 3.2). 
These sites are representative of different snow and climate conditions, where snow, temperature and precipita-
tion regimes have been extensively monitored. Site observations include all the relevant model forcing variables: 
precipitation, air temperature, relative humidity, wind speed and short and longwave irradiances.

Dana Meadows is located in the Tuolumne River Basin, Sierra Nevada, California, US (Figure 2a). Meteorolog-
ical data are from the California Data Exchange Center (CDEC) station (Lat: 37°36′N, Lon: 119°42′W), which 
is in an opening in a lodgepole pine (Pinus contorta) forest at an elevation of about 2,600 m. Annual precipita-
tion is about 800–1,000 mm, with high seasonal and interannual variability and over 80%–90% as snow (Mount 
et al., 2010). The snowpack of the Tuolumne area has been monitored with LiDAR-based technology (Painter 
et al., 2016), and the snow dynamics at Dana Meadows and Tuolumne watershed have been well studied, as it 
is the main source of San Francisco's water supply (Bair et al., 2016; Brandt et al., 2020; Hedrick et al., 2018; 
Henn et al., 2018; Lundquist et al., 2018). For our modeling purposes we used the infilled meteorological data set 
as described in Lundquist et al. (2016) for the period 2002–2017. For this period, the mean winter temperature 
(December–February) was around −5.5°C.

Col de Porte (elevation: 1,325 m, Lat: 45°30′N, Lon: 5°77′E) is a snow research site located in the French Alps, 
near the city of Grenoble (Figure 2a), representative of mid-elevation temperate alpine regions. Meteorolog-
ical data are recorded at the site, along with weekly snowpack properties critical to describe snow stratigra-
phy and melting processes, including depth, temperature, density and liquid water content (Lejeune et al., 2019; 
Morin et  al.,  2012). The site receives about 1,800–2,000 mm of annual precipitation. The observations from 
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this site have been used in snow models (Carmagnola et al., 2014; Magnusson et al., 2017; Tuzet et al., 2017; 
Würzer et al., 2017) to study snow aging (Chen et al., 2014) and other snow processes and properties (Calonne 
et al., 2012; Libois et al., 2013), as well as to identify the effects of climate change in Alpine regions (Nicolet 
et al., 2016). At Col de Porte, we used meteorological data for the 1994–2010 period. With a mean winter temper-
ature (December–February) for this period of about −0.5°C, rainfall events occurred in winter.

The Reynolds Creek site is located in the Reynolds Creek Experimental Watershed, a 238 km 2 area spanning 
1,099–2,244 m in elevation in the Owyhee Mountains near Boise, Idaho. The area has been extensively moni-
tored, and benefits from long-term, detailed data collections (Godsey et al., 2018; Hanson et al., 2001; Kormos 
et al., 2018; Marks et al., 2001; Reba et al., 2011; Slaughter et al., 2001). We used meteorological data for the 
1998–2007 period from Reynolds Mountain East (2,080 m elevation, Lat: 43°12′N, Lon: 116°44′W, Figure 2a), 
which serves as a snow hydrology research site (Reba et  al.,  2011). The area is situated in the rain-to-snow 
transition zone, a region sensitive to changes in climate (Rasouli et al., 2015, 2019), but the site experiences 
most of the precipitation as snow which represents about 70% of the total annual precipitation of ∼900 mm. For 
the study period, the mean winter temperature (December-February) was about −3.7°C. Snow processes were 
observed in detail at the site, and these observations have been used to inform model developments such as iSno-
bal (Marks et al., 1999), to study snow wind redistribution (Winstral et al., 2013; Winstral & Marks, 2002, 2014) 
as well as the hydrology of snow dominated headwater catchments (Chen et al., 2016; Marks et al., 2013; Nayak 
et al., 2010).

Figure 2 shows the study sites and the minimum average air temperature variations shown for the melt period (1 
April to 31 May), retrieved from the 4-km Terraclimate data set (Abatzoglou et al., 2018), representative for the 
geographic differences. The warmest of the three sites is Col de Porte (Figure 2b), followed by Reynolds Creek 
(Figure 2d) and Dana Meadows (Figure 2c).

3. Model Scenarios
3.1. SUMMA Modeling Framework

SUMMA allows the investigation of the effects of layering schemes as represented in common snowmelt models. 
SUMMA incorporates the basic principles of mass and energy balance found in most physics-based hydrologic 

Figure 2. (a) Geographic position of the study areas, (b–d) minimum temperatures during 1 April to 31 May at the three 
sites. Data shown have been sampled from the 4-km Terraclimate data set (Abatzoglou et al., 2018). Note the different y-axis 
limits for each site.
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models and allows for multiple options of representing and parameterizing a 
particular hydrologic process (e.g., water percolation through the snowpack 
or snow compaction), including customization of snowpack layering. By 
using the general blueprint of mass and energy conservation equations and 
allowing for controlled testing of multiple modeling alternatives in SUMMA, 
we can systematically explore the effects of different model choices on the 
simulated results. These general mass and energy balance equations are 
described in Clark et al. (2015b), and those relevant for snow modeling are 
briefly summarized here and in Supporting Information S1.

SUMMA represents the thermodynamics in the snow and soil domain as 
a vertical 1-dimensional heat equation, where fluxes of energy represent 
processes of conduction, advection, and energy lost/gained to phase change. 
SUMMA also incorporates multiple options for representing compaction 
and albedo decay, and specific implementations of these and other processes 
can be selected and parameterized within SUMMA. In our simulations, the 
compaction routine was represented by the Anderson (1976) parameteriza-
tion, where the amount of compaction of a snow layer is proportional to the 
amount of SWE within and above that layer (see model details in Supporting 
Information S1). The Anderson, 1976 compaction model has been included 
in VIC (Liang et  al.,  1994), SNTHERM (Jordan,  1991), CLM (Lawrence 
et  al., 2019), ISBA-ES (Boone, 2002), SAST (Sun et  al., 1999) and many 
other snowmelt models. For simplicity, the density of fresh snow was set 
constant to 100 kg m −3, while for snow albedo, we set the decay rate to a 
constant (Table S1 in Supporting Information S1). Thermal conductivity was 
represented as in SNTHERM using the variable conductivity option based on 
the Yen (1965) approach.

While the benchmark simulations of the snowpack with SUMMA can have a large number of layers (currently 
capped at 100), configurations of prescribed snowpack layering representation with a much smaller number of 
layers are possible. In our modeling scenarios we prescribe the maximum number of layers and their thickness to 
represent the range of snow-layer configurations found across most snow models, while keeping all other mode-
ling choices constant (see Section 3.2). We explore the snow layering effects on modeling snow accumulation and 
melt under colder (−2°C), current (+0°C) and warmer conditions (+2°C, +4°C) at the sites shown in Figure 2, 
as detailed below.

3.2. Model Simulations

We constructed 11 different model configurations, 10 simple layer configurations and the benchmark, for each 
site by varying the number and thicknesses of the snow layers (Table 1). These model configurations fall into five 
general categories based on the total number of snow layers that were simulated. Thus, we tested three configu-
rations of each of the two, three, four-layer and five-layer structures, where we modified the maximum depths of 
up to the top two layers as shown in Table 1. The five-layer scheme has the maximum layer thicknesses shown 
in Table 1, and was designed to mimic the snow model layering in CLM. The benchmark configuration is meant 
to represent the layering behavior of SNTHERM. In the SUMMA setup, the benchmark configuration was set 
to create a maximum of 100 snow layers, each with a maximum depth of 2.5 cm. We did not alter the five-layer 
configuration structure to avoid increasing the number of layer configurations.

While we set these layer thickness options in the configuration files, it is important to note that the values in 
Table 1 represent the maximum snow depth values for each layer. Depending on the snowpack size and condi-
tions, the maximum thickness or the number of layers may not always be reached for the duration of both accu-
mulation and melt phases of the snowpack. SUMMA's general representation of snow stratigraphy is based on 
the time-varying SNTHERM-like approach (e.g., Bartelt & Lehning, 2002; Jordan, 1991). In this generic setup, 
the number of snow layers varies as a function of snowpack conditions, with the depth of each snow layer recal-
culated at the end of timestep. The depth of each layer is estimated based on prescribed thresholds: the layer can 

Model run
1st layer 

(cm)
2nd layer 

(cm)
3rd layer 

(cm)
4th layer 

(cm)
5th layer 

(cm)

2l_thin 2.5 Unlimited NA NA NA

2l_mid 5.0 Unlimited NA NA NA

2l_thick 12.5 Unlimited NA NA NA

3l_thin 2.5 20.0 Unlimited NA NA

3l_mid 5.0 20.0 Unlimited NA NA

3l_thick 12.5 20.0 Unlimited NA NA

4l_thin 2.5 10.0 20.0 Unlimited NA

4l_mid 5.0 12.5 20.0 Unlimited NA

4l_thick 7.5 15.0 20.0 Unlimited NA

5_l 5.0 20.0 50.0 75.0 Unlimited

Benchmark a 2.5 2.5 2.5 2.5 2.5

Note. Values are in cm Snow Depth.
 aAll layers are set to a maximum of 2.5 cm depth with a maximum of 100 
layers.

Table 1 
Model Snow Layering Configurations Used to Simulate Snowpack Evolution 
for the Current Conditions and Warm Perturbations at Sites Shown in 
Figure 2
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be split in two (if depth is larger than threshold) or combined with an adjacent layer (if depth is smaller than 
threshold).

Overall, we ran 11 model configurations (different layer setups) at three locations and four scenarios (baseline 
0°C, −2°C, +2°C, and +4°C) for a total of 132 simulations. These changes are relative to historic conditions. 
Each of the SUMMA model configurations was run with otherwise identical physics, parameters, and numerics. 
The temperature perturbation approach to simulate different warming conditions used here allows for a direct 
comparison between different layering schemes, especially during the melt period.

For our perturbation runs we used MetSim (Bennett et al., 2020; Bohn et al., 2013), a meteorological simula-
tor and forcing disaggregator for hydrologic modeling and climate applications, to adjust the values of relative 
humidity and irradiances in response to changes in air temperature. For a full description of the overall SUMMA 
setup that was used for these simulations, see Table S1 provided in Supporting Information S1.

We ran SUMMA at Dana Meadows for water years 2002–2017 (16 years), Col de Porte for water years 1994–2010 
(17 years), and Reynolds Creek for water years 1998–2007 (10 years), and at an hourly time step. We ran each of 
the model configurations with both the current climate forcing data sets and perturbation scenarios. In addition to 
the current climate (+0°C), we considered temperature perturbations of −2.0°C, +2.0°C, and +4.0°C. With  these 
changes in air temperature, we adjusted the incoming longwave radiation values using the Prata (1996) method 
with the Unsworth and Monteith (1975) cloud correction, which compares well with longwave radiation obser-
vations across a range of climates (Bohn et al., 2013) as coded in Metsim.

3.3. Evaluation of Model Scenarios

Because we are interested in the effects of these layering configurations on the simulated snowpack, we compared 
our results to the benchmark simulation rather than to observations, because, as discussed above, the latter makes 
conclusions difficult to parse due to errors in input and observational data. We implemented all model config-
urations in the same fashion at all locations, and we did not calibrate the model parameters to optimize model 
performance at individual sites. Benchmark simulations are shown against observations in Figure 3.

To evaluate each of the model configurations and temperature scenarios, we compute several metrics: the 
Nash-Sutcliffe Efficiency (NSE, Nash & Sutcliffe, 1970), percent bias, difference in peak SWE amounts (ΔSWE), 
and difference in snow disappearance date (ΔSDD). These quantities were calculated on each model-water year 
across the three sites (N = 43). For all of these metrics we considered the benchmark configuration as “truth” 
(e.g., the SNTHERM-like layering at −2°C, 0°C, +2°C, +4°C runs as the benchmark for the −2°C, 0°C, +2°C, 
+4°C scenarios) so that differences can be attributed to model set-up alone.

Figure 3. Multilayer SNTHERM-like SWE simulations (red line) and SWE observations (black line) at (a) Dana Meadows, (b) Col de Porte and (c) Reynolds Creek. 
Note that y-axis limits differ. The RMSE performance metrics pertain to the entire period used at each site.
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4. Results
4.1. Overall Evaluations

Of all the models tested, the four-layer and five-layer configurations perform the best across all metrics, while 
the set of two-layer models had the most significant departures from the benchmark (Figure 4). Deviations from 
the benchmark are smaller for the cold perturbation and current temperatures than for the +2.0°C and +4.0°C 
perturbations as shown by the performance scores (Figure 4).

All three sites show some variation for SWE, snow depth and snow temperature distribution through the snow-
pack during the melt season between the snow layering schemes (Figure 5). The two-layer models generally show 
the greatest deviation from the benchmark representation across all three sites, consistent with the results shown 
in Figure 4. All three sites show small deviations during the accumulation phase when small amounts of melt 
are simulated differently, followed by larger differences during the spring melt period. Generally, the two-layer 
models melt out earlier, and the four-layer models accumulate slightly more (and melt out slightly later), than 
the five-layer and benchmark configurations. The three-layer models also show variation, with the thick-topped 
three-layer configuration showing more accumulation and slower melt than any of the other configurations for 
all of the sites. This can be noticed in Figure 4 for both the ΔPeakSWE and ΔSDD plots, where the thick topped 
three-layer configuration has greater peak SWE and later snow disappearance than the benchmark.

There are differences between sites in terms of deviations from the benchmark. The simulations at Col de Porte 
and Dana Meadows show the largest variations, followed by Reynolds Creek, which shows relatively little vari-
ation. The example timeseries shown in Figure  5 are generally representative of the ranking of variation of 
timeseries amongst model configurations, although each site has years with both more and less variation than 
shown. Figure 5 shows results using configurations with two, three, four, five and the benchmark to illustrate the 
differences in snow simulations when using a different number of layers, with the same top layer thickness (thin). 
For comparison, Figure S1 in Supporting Information S1 shows the simulations for all scenarios considered in 
Table 1.

Figure 4. Summary statistics of model performance across four different metrics across all three sites: (a) Nash-Sutcliffe 
coefficient, (b) mean percent bias, (c) difference in peak snow water equivalent, SWE, (d) difference in snow disappearance 
dates, snow disappearance date (SDD).
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4.2. Representation of the Snowpack States

We further illustrate the differences in the models by plotting the mass, temperature, and energy distributions 
through the layers for several of the model configurations at Dana Meadows. Figure 6 shows the benchmark, 
five-layer, 3l_mid and 2l_thin configurations aggregated to daily timesteps for temperature, volumetric fraction 
of water content (water in both solid and liquid phases), and energy fluxes. In this figure, we show daily values of 
the variables as a function of depth calculated from hourly values. The snowpack is warmer in the beginning  of 
the season and during the melt period in all models, but the temperature distribution varies mid-season, when  the 
snowpack is most thermally active. The energy is transferred through the snowpack vertically with a time lag in 
the benchmark and five-layer model simulations, and this is especially noticeable during the onset of the melt 
period, when heating and/or cooling of top layers is propagated downwards. In the two- and three-layer config-
urations this transfer is simplified (Figure 6 third and fourth layers), as these types of models were originally 
designed to represent more the bulk properties of the snowpack.

Figure  6 shows how the more complex layering structures compare with the simpler layering schemes. For 
instance, the benchmark shows several melt events, with subsequent percolation deeper into the snowpack (exam-
ple in the circled area of Figure 6b). Additionally, the formation of layers with higher water content at the bottom 
of the snowpack can be observed, which in other layering schemes is less noticeable. The event identified in the 
circled area in Figure 6 could have resulted from rain-on-snow followed by a rapid cooling of the snowpack. 
The observations at Dana Meadows show a decrease in SWE after a precipitation event with positive diurnal air 
temperature values followed by a rapid refreeze of the snowpack with air temperature reaching values of about 
−20°C (Figure S6 in Supporting Information S1). These episodic events could generate increased water content 
at the bottom of a shallow snowpack that could turn into ice through refreezing. Increased water content will 
increase density. These processes are represented with finer vertical discretization (Clark et al., 2017). Our tests 
show that after the occurrence of the melt event, the benchmark model simulated lower water content near the 

Figure 5. (a–c) SWE (top row), (d–f) snow depth (second row), (g–i) mean snowpack temperature (third row), and (j–l) temperature variations (bottom row) for a 
representative year at each of the study sites with no temperature perturbation. The green line shows the five-layer configuration, and the black line the benchmark. The 
black line is under the pink line in panel (a).
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top of the snowpack, and higher at the bottom. This density distribution is affected by compaction effects which 
depend on the number of layers and their temperatures (see the compaction model outlined in Supporting Infor-
mation S1). Densities are also influenced by liquid water content.

Water content differs between layering schemes, particularly near the top of the snowpack, evolving through the 
melt season (Figure 6, middle column). In both the benchmark and the five-layer model, the increase in water 
content of the top layers can be seen evolving during the melt season as the snowpack absorbs more energy. The 
right column of Figure 6 illustrates the role of energy transfer in the evolution of the snowpack. The energy values 
shown here represent the combined effects of conduction and liquid water transfer through the snowpack (left 
hand side of the thermodynamics equation solved in SUMMA, Equation 1 in Supporting Information S1). The 
benchmark configuration shows the downward transfer of energy at the onset of the melt season (as shown by the 
red stripe in Figure 6c), and a layer of about 0.25 m thick on the top of the snowpack (as shown by the blue top 
section in Figure 6c). This separation of energetic regimes is partially mimicked in the five-layer configuration, 
with less vertical fidelity, while for the two- and three-layer configurations shown, the representation of surface 
processes is again simplified. Similar plots for Reynolds Creek and Col de Porte are included in Supporting 
Information S1, Figures S2 and S3 in Supporting Information S1.

Both the energy transfer and temperature plots in Figures 6 and 7 indicate the importance of the layering scheme 
in the ability to adequately model the thermodynamics of the snowpack evolution through time. This appears 
particularly important near the surface of the snowpack, where the layering configuration interacts directly with 
the atmospheric forcing data and where the energy and mass transfer with the atmosphere occur. To further 
explore this, we examined the snow surface temperatures in each of the model configurations. Sample timeseries 
for each of the sites over the course of 2 days are shown in Figure 7. Here we note that at Dana Meadows and Col 

Figure 6. Internal snowpack properties at Dana Meadows for water year 2009 for the benchmark simulations (a–c, top row), five-layer (d–f, second row), 3l_mid (g–i, 
third row), and 2l_thin (k–l, bottom row) for temperature (first column), volumetric fraction of water content (second column), and energy fluxes (third column), with 
blue shades indicating warming of the snow layer. The circled area identifies a winter melt event.
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de Porte, the thick topped configuration anomalies are departing from the rest of the configurations. These effects 
are explained by Equation 1 in Supporting Information S1, quantifying how energy fluxes are distributed through 
the snowpack as a function of mass and energy input.

Faster responses are expected from thinner top layers, that would be dampened by following thicker upper layers 
as a function of the layering configuration. Upper-layers that allow more melt will warm lower-layers to a larger 
degree as the liquid water and its associated energy are transported. As with the error statistics, the four-layer and 
five-layer configurations tend to have the lowest average and range of deviations from the benchmark configura-
tion, indicating that they can represent the diurnal temperature cycle better than two- or three-layer configurations.

Figure 8 shows how diurnal variations affect the energy transfer patterns through the snowpack at Dana Meadows 
for two different periods, an episodic winter melt event, and a spring melt period. During both periods, the diurnal 
effects are associated with a more pronounced nighttime cooling of the deeper snowpack layers in the benchmark 
simulations (Figure 8 top row) compared to the three- and two-layer models (Figure 8, bottom two rows). The 
nighttime cooling effects shown in the benchmark and five-layer model simulations influence the snowpack 
temperature, making it overall colder than the two-layer and three-layer snowpack. The five-layer model had a 
closer representation of the diurnal patterns to the benchmark than to the three- and two-layer models (Figure 8, 
second row). The Reynolds Creek and Col de Porte snowpacks are less thermally active near the surface (Figures 
S2 and S3 in Supporting Information S1). Amongst other factors such as the mass and energy balance of the 
snowpack, the snow surface temperature variations are influenced by the air temperature variations.

At Dana Meadows, the air temperatures are colder than at the other sites, with a larger diurnal temperature range 
(Figure  5j), generating colder snowpack temperatures (Figure  6a) than at Col de Porte and Reynolds Creek 
(Figures S2a and S3a in Supporting Information S1). The cooled snowpack during the night may affect the timing 
of water recharge, with the snowmelt pulse sensitive to diurnal fluctuations (Lundquist & Cayan, 2002; Woelber 
et al., 2018). Figure S4 in Supporting Information S1 further shows the magnitudes of the diurnal variations 
comparing two different sites: Dana Meadows and Reynolds Creek during periods when the snowpack is most 

Figure 7. Differences in snow surface temperature variations at Dana Meadows (first column), Col de Porte (second column) and Reynolds Creek (third column) from 
the benchmark simulation for all of the simpler snow layering configurations considered, grouped by the number of layers.
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thermally active (larger variations near the surface) and during spring melt. The benchmark simulations show 
that the Dana Meadows snowpack is very thermally active during wintertime, with diurnal variations and heat 
exchanges affecting the internal pack temperature up to and exceeding 20 cm in depth. The diurnal effects were 
observed in the snowpack temperature variations during the snow temperature observation experiment described 
in Lundquist et al., 2018, and exemplified in Figure S5 in Supporting Information S1.

4.3. Perturbation Scenarios and Site Variability

Our results from the two-layer model simulations indicate that generally, in these simple layer configurations, 
snowmelt initiated sooner, and resulted in earlier snow disappearance dates compared with the benchmark 
(Figure 5). However, the overall effects of the choice of layering scheme vary as a function of site and snowpack 
conditions. This is shown in Figure 9, where we contrast “wet” versus “dry” snow years at the three different sites. 
Colder conditions (blue lines) and smaller snowpack are the most sensitive to the choice of the layering scheme 
(Figure  9, top row). Generally, the spread between the different model configurations is smaller for warmer 
conditions (yellow and orange lines) than for colder conditions (blue lines) at each individual site. Although all 
sites respond to changes in temperature and layering schemes, the magnitudes of these responses are site specific. 
For example, Figure 9 shows that Col de Porte is the most sensitive to both the choice of layering schemes and 
temperature conditions, while the Reynolds Creek site is more sensitive to air temperature perturbations than to 
changes in model snow layering. In addition, warmer temperatures could increase the number of precipitation 
events falling as rain rather than snow. Finally, Dana Meadows, the coldest of the three sites, is also sensitive to 
both snow layering and air temperature, but to a lesser extent than Col de Porte. The Reynolds Creek snowpack 
is an example of a snowpack (Figure S3 in Supporting Information S1) that is sensitive to changes in temperature 
variations (Figure 7c).

Figure 8. Energy flux for the benchmark (top row), five-layer (second row), 3l_mid (third row), and 2l_thin (bottom row) at Dana Meadows during (a) winter melt and 
(b) spring melt.
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5. Discussion
5.1. Model Simulations

In this study we have evaluated how snow model configurations with a reduced number of snow layers, between 
two and five, compare with a model with numerous layers, up to 100. We performed our analysis at three climat-
ically different sites under current, colder and warmer conditions as described in Section 3.2. Our simulations 
show that models with simpler layering configurations depart from the benchmark (the model with numerous 
layers) especially during melting conditions. Overall, we note that the differences in modeling SWE start mani-
festing at the snowmelt initiation, with consequences on melt rates and timing of snow disappearance. The exact 
effects of the layering scheme depend on the site conditions (Figure 4). We find that the top layer thickness 
parameterization is important for representing diurnal effects and the timing of snowmelt. Models with thicker 
top layers have a dampened variation of diurnal swings in snow surface temperature. This has an overall effect 
of cooling the snow surface and the snowpack and leads to slightly higher peak accumulation and later snowmelt 
(Figure 5).

During the accumulation period, simulations of SWE were mostly affected by the precipitation and new snow 
density, while compaction and snow aging effects dominated during the ablation season (see also Wayand 
et al., 2017). For consistency, we kept the fresh snow density as constant in our simulations, but other common 
modeling approaches assume fresh snow density as a function of air temperature, humidity, and/or other 
site-specific variables (e.g., Hedstrom & Pomeroy, 1998). Wayand et al. (2017) indicated that the assumption of 
constant fresh snow density was a reasonable option compared with other fresh snow density prediction methods, 
given the relatively large uncertainties of all of the approximations.

Different layer partitions near the surface of the snowpack as well as new snow density, temperature, water 
content and precipitation rate, affect the overall estimation of snowpack density. These combined effects are 
further illustrated in Figure 10, showing how the bulk snow density for all model scenarios varies at the three 
sites. At Dana Meadows and Reynolds Creek, the pack average density was not significantly different between 

Figure 9. Simulations of SWE for all model configurations listed in Table 1 for cold and current conditions (blue shades) and warm scenarios (yellow and orange 
shades) during low snow years (first row) and high snow years (second row) at: (a and d) Dana Meadows, (b and e) Col de Porte, (c and f) Reynolds Creek.
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model scenarios, especially during the accumulation season. However, simpler layering models began to depart 
from the benchmark during the winter melt events and the spring melt period at Dana Meadows and Reynolds 
Creek. This is different at Col de Porte, the warmest of the three sites, where air temperature exceeds 0°C during 
winter, generating winter-long melt events, precipitation as rain or a mix of precipitation as snow during night-
time and rain during daytime. These factors increase the density of the snowpack as simulated by the benchmark 
scenario that represented compaction effects and liquid water retention compared with other simpler layering 
representations. These results are consistent with Decharme et al. (2016) who compared a three-layer model with 
a twelve-layer model at Col de Porte (their Figures 5 and 6).

Models with thicker top layers have increased thermal inertia and are less likely to properly represent diurnal 
variations at sites with large diurnal temperature ranges. Figures 7 and 8 show that models with thicker top layers 
have a lag in representing snow surface temperature variations compared with the benchmark simulations, and 
smaller amplitudes. Conversely, models with thinner top layers are more responsive and have larger diurnal vari-
ations. In our examples, models with top layers set to 0.025 m matched the benchmark configuration best, which 
also had a 0.025 m top layer.

In a study examining surface temperatures in general circulation models, Dickinson (1988) suggested that a maxi-
mum of 0.05 m of snow is needed to resolve the diurnal patterns. Based on the Dickinson (1988) recommendation, 
other three-layer large scale models (e.g., Boone & Etchevers, 2001; Lynch-Stieglitz, 1994) were parameterized 
with a thin top layer thickness equal to 0.05 m. Jin et al. (1999) indicated that the most significant variations in 
the snowpack variables and states occurred in the top 0.2 m of snow, which dampened gradually below 0.2 m at 
Mammoth Mountain, a site in the Sierra Nevada, CA. This pattern is similar to our simulations using the bench-
mark model configuration at Dana Meadows, located about 35 km from Mammoth Mountain (e.g., Figure S4 
in Supporting Information S1). Based on comparisons with SNTHERM and field data, Jin et al. (1999) recom-
mended a thickness of the top layer of 0.002–0.02 m with the bottom of the middle layer set at 0.2 m depth for 
the three-layer SAST model (Jin et al., 1999; Sun et al., 1999). Reba et al., 2014 also showed that the snowpack at 
Reynolds Creek was sensitive to up to 0.15 m depth to the energy exchange with the atmosphere.

Most models applied at the watershed and regional scales are one- or two-layer models, but these simple layering 
architectures may not always ensure consistency of snow predictions in different climates, and across a range of 
snow conditions. These effects of snow layering representation will affect the simulations of timing and magni-
tude of snowmelt and peak streamflow in two-layer watershed scale models. Our results indicate that snow 
simulations using simple layering schemes depart from those with greater numbers of layers under modeling 
assumptions presented here (Figure 4). This was also noted in Pflug et al. (2019), who compared a two-layer with 
a six-layer configuration in SnowModel (Liston & Elder, 2006) at three different sites to evaluate the effects of 
the layering scheme on water percolation through the snowpack. The more attenuated diurnal response of the 
two- and three-layer models in representing the diurnal cycles is one of the driving factors for their different 
performance when compared with the benchmark.

We illustrate the differences between models' thermal response by showing the mean bias error (MBE) of both 
the cold content during the accumulation and SWE during the melt period for each of the models with fewer 

Figure 10. Average snowpack density for the melting period for all model scenarios listed in Table 1 at (a) Dana Meadows, (b) Col de Porte, and (c) Reynolds Creek.
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layers with respect to the benchmark configuration in Figure 11. We aggregated the cold content of each layer for 
the entire period (as the energy of that layer needed to arrive at melting conditions) to represent the cold content 
of the snowpack. Five-layer simulations cluster most tightly about the origin, with each of the four, three, and 
two model configurations showing increasing variability along both axes. The distribution of errors is different 
at each of the three sites. At Dana Meadows, the coldest site, the relationship appears to be more linear, while at 
the warmer sites no apparent relationship is present (Figure 11, top row). Figure 11, bottom row, shows similar 
patterns in relation to snow surface temperature. We also attempted to fit a model between errors in SWE to the 
total amount of precipitation but were unable to find any statistically significant explanatory relationship.

5.2. Limitations of the Study

We simulated snow accumulation and melt in mountainous environments and limited the maximum number of 
layers tested to five, with the goal of determining robust snow layering configurations. Other conditions may 
determine different approaches. Over sea ice, Cheng et al. (2008) indicate that a minimum of three layers are 
needed to capture the thermodynamics of the snowpack, and the performance improves when using 15–20 layers 
for snow and sea ice. In CLM, the number of layers can also be increased to 12 in the newest release (CLM5, 
Lawrence et al., 2019) to simulate the formation of firn on glaciers and ice sheets (van Kampenhout et al., 2017). 
Our results show that the three-layer models provide better results when parameterized with thinner top layers, as 
for example, in the Noah-MP land surface model.

Our study, as well as many other studies discussed here, assessed the effects of layering schemes using point 
simulations at research sites that are well researched and monitored. Using the SUMMA modeling framework, 
we examined a range of conditions and layer configurations that allowed us to isolate how snow layering affects 

Figure 11. Mean bias error in SWE as a function of (a–c) mean bias error in the cold content, and (d–f) mean bias error in the snow surface temperature of each of the 
layering configurations with respect to the benchmark configuration at Dana Meadows, Col de Porte and Reynolds Creek, respectively.
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modeling snow accumulation and melt in a series of controlled simulations at point scale. While we have not 
explicitly evaluated spatial effects, we indirectly tested different conditions in our climate runs (e.g., the “colder” 
or “warmer” condition could also represent a location at a higher or lower elevation). Temperature perturbations 
(Figure 9) led to greater simulation variability depending on the weather at each site; consequently, across a range 
of elevations, any watershed will likely contain some locations that are sensitive to the layering scheme.

In distributed modeling, other factors such as the representation of topography, land cover, forest processes, 
spatial discretization and biases in the forcing data could create errors that are as large or larger than the effects 
of the layering scheme found here (peak SWE off by up to 25 mm, SDD off by several days). Prior snow model 
intercomparison studies (e.g., Essery et al., 2009; Etchevers et al., 2004; Rutter et al., 2009) were not able to 
isolate the effects of model structure, although they did identify increased model divergence during winter melt 
and the onset of spring melt, as we observed here.

Beyond modeled snow layers, major documented uncertainties revolve around forcing data and how models 
represent albedo, turbulent flux parametrizations, and compaction effects (Essery et  al.,  2013; Günther 
et al., 2019, 2020; Lafaysse et al., 2017; Magnusson et al., 2015; Raleigh et al., 2015). The need for spatial eval-
uations of snow models has been identified and recommended for future work in both past (Essery et al., 2009) 
and recent ESM-SnowMIP model intercomparison studies (Krinner et al., 2018). However, model intercompar-
ison studies generally have too many inter-model variations to identify the key model processes requiring better 
representations (Ménard et al., 2021). With this study we attempted to isolate the effects of model layering on 
simulating diurnal snow temperature patterns, episodic melt events and spring melt at the point scale.

Depending on the snowpack depth, the maximum number of snow layers may not always be realized, as the 
number of snow layers depends on the snowpack thickness. In the simple layer configurations tested here, most 
layer refinement is near the surface. As a result, shallow snowpacks with a depth less than about 0.25 m, may 
grow to no more than two layers in all configurations (see Table 1). This is important for simulating lower eleva-
tion, shallow, ephemeral snowpacks. The effect of a shallow snowpack in layering configurations is shown in 
Figure 9c, which shows the snowpack at Reynolds Creek, where all the configurations provided similar predic-
tions (orange and yellow lines in Figure 9c). The one-layer or two-layer configurations can model the SWE evolu-
tion adequately but could be more sensitive to calibration parameters (Augas et al., 2020; Reba et al., 2014). The 
results from this and other studies (e.g., Andreadis & Lettenmaier, 2012; Augas et al., 2020) show that reducing 
the number of layers does not dramatically reduce the model performance for simulating SWE, but that the deeper 
snowpacks and their properties are better represented by models with multiple layers. In our study design we have 
configured our layering schemes according to Table 1. However, for modeling shallow snowpacks with multiple 
layers, the layers can be configured to have thinner depths such that shallow snowpacks can also be modeled with 
more than two-three layers.

In our simulations we used one set of models based on finite difference modeling numerical schemes, with 
a minimum of two layers. We chose not to include a one-layer model configuration because the finite differ-
ence formulation of SUMMA is considerably different for a single layer than the more common single layer 
models (see also Augas et al., 2020). Most of the existing one-layer models are based on empirical evaluation of 
cold content (Blöschl & Kirnbauer, 1991) or force-restore approaches as in Deardorff (1977, 1978), assuming a 
combined snow-soil layer (e.g., Luce & Tarboton, 2001). Significant work has been done to improve one-layer 
model predictions for snow (e.g., Luce and Tarboton (2010), You et al. (2014)), but the one-layer UEB model 
showed more climate sensitivity than SNTHERM in radiation perturbation evaluations (Lapo et al., 2015). These 
one-layer approaches cannot be modeled within the SUMMA framework and are thus beyond the scope presented 
here.

The atmospheric sciences research community has also evaluated one-layer model results against multi-layer 
models to identify reliable snow components in land surface and general circulation models that meet compu-
tational demands (Boone & Etchevers, 2001; Cheng et al., 2008; Dutra et al., 2012; Jin et al., 1999; Lecompte 
et  al.,  2011; Lynch-Stieglitz,  1994; Sun et  al.,  1999). Boone and Etchevers  (2001) compared a force-restore 
approach (Deardorff,  1977,  1978) with a multilayer snow layering scheme as represented in Crocus (Brun 
et al., 1989, 1992; Vionnet et al., 2012) and with a different simplified three-layer scheme at Col de Porte. The 
three-layer scheme approximated the Crocus results better than the force-restore approach, and better matched 
snow densities. Similar findings were reported by Jin et al. (1999), who compared SNTHERM with the snow 
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submodel of the Biosphere–Atmosphere Transfer Scheme (BATS, a force-restore approach for snow temperature 
and melt from energy balance), and Snow–Atmosphere–Soil Transfer (SAST) a three-layer model at Mammoth 
Mountain in the eastern Sierra Nevada, California. These studies suggest that a minimum of a three-layer scheme 
would be able to represent the diurnal variation effects and midwinter melt events, and that including more layers 
improved simulations of snow depth and SWE (e.g., Augas et al., 2020; Decharme et al., 2016). Direct compar-
isons with findings from other studies are challenging, as in many of the investigations different model concepts 
and representations of energy budget components (shortwave radiation budget, turbulent transfer) have been used 
(e.g., Boone & Etchevers, 2001).

5.3. Recommendations and Future Work

Our simulations show that the layering scheme is particularly important for simulating melt events when the 
amount of energy needed to overcome the snowpack cold content is at the tipping point (melt occurs or not), 
which varies across different elevations of a watershed. Based on the simulation tests performed here, we note 
that the layering effects on the simulation of snow accumulation and melt are more pronounced at cold sites, such 
as Dana Meadows, and snowpacks experiencing intermittent melt and rain on snow, such as Col de Porte, than at 
sites with conditions similar to those found at Reynolds Creek. Therefore, for robust simulations we recommend 
that more layers be used to ensure that all conditions are simulated.

Based on our own assessments and findings reported in other studies (e.g., Augas et  al.,  2020; Decharme 
et  al.,  2016), we recommend models to include options to simulate more layers with thinner layers near the 
surface and thicker layers near the bottom of the snowpack (i.e., an increasing maximum layer thickness toward 
the bottom of the snowpack). However, depending on the application and the size of the snowpack, a finer discre-
tization of the bottom of the snowpack may be needed (e.g., basal freezing processes may be relevant for ecolog-
ical studies). Other applications may also need representations of specific processes such as snow compaction, 
snow metamorphism and liquid water percolation.

Testing more than five layers was beyond the scope of this study, but it is clear that models with five or more layers 
could be useful to represent melt events, mixed precipitation events and melt processes, as they will likely occur 
more frequently in the future. Figure 9 shows that at sites located in warmer regions such as Col de Porte, that 
already receive mixed precipitation of rain and snow and are sensitive to temperature changes, models with higher 
number of layers are needed to capture these dynamics and changes in the snowpack. Decharme et al. (2016) 
indicated that at Col de Porte a snow layering algorithm with 12 layers showed an improvement in performance 
of a snow model compared with a three-layer scheme with the same representation of albedo and compaction. 
They showed that the 12-layer scheme allowed for a better representation of density and temperature through 
the snowpack. Similar findings were reported by Augas et al., 2020 for snow simulations at four Canadian sites.

While we have investigated the role of snow layering in snowmelt models at point scale and at a range of different 
sites and warming scenarios, we have not covered all possible conditions. As discussed, in a distributed snow 
model application many other uncertainties related to spatial representation of topographic effects, vegetation 
cover and forcing data among others could interfere with the snow layering effects presented here. There are 
inevitable errors and uncertainties in all of the above; however, with the model assessment approach presented 
here, we aimed to identify model structural errors related to vertical discretization effects. With improvements 
in models' structure, we will further be able to better pinpoint atmospheric model errors (Lundquist et al., 2019).

Future investigations could disentangle the combined effects and quantify the uncertainty of the snow model 
layering scheme at the watershed scale against uncertainty from other sources. In addition, our analysis focused 
on sites located in the mountains mostly in maritime and alpine regions. We have not analyzed, for example, 
tundra snow, taiga snow or prairie snow, snow classes that cover a large portion of the globe in snowy areas as 
per the Strurm et al., 1995 classification. Our test snowpacks were relatively deep, allowing the development of 
at least two and three layers. These conditions did not include large areas with shallow snow and snow surface 
temperature variations for which the layering effects might be different. Future assessments of the effects of 
the layering schemes could include these conditions to further develop guidance on model development against 
uncertainty from other sources.

The hydrologic modeling communities have focused more on refinements of the spatial discretization and better 
representation of processes and spatial heterogeneities in different climates, with less focus on the vertical 

 19447973, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020W

R
028993 by U

niversity O
f A

rizona L
ibrary, W

iley O
nline L

ibrary on [22/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

CRISTEA ET AL.

10.1029/2020WR028993

18 of 23

discretization of snow schemes. Based on previous work and the simulation results presented here, we anticipate 
using snow models with multiple layers will likely result in improved estimates of modeled spatially distributed 
snow density, which could further improve the quality of the lidar-derived snow water equivalent (Raleigh & 
Small, 2017). With increased computational resources it is now feasible to upgrade snow model layering schemes 
in watershed scale models for a more robust representation of snowpack evolution in current and future conditions 
and predictions of streamflow. As shown in this work, the multilayer representation could be more important 
during specific conditions (dynamic thermal snowpack, rain on snow, wet snow).

Future model development could include configuration options that would allow multilayer simulations 
and customizing the layering scheme as a function of the snowpack type, in addition to the original model 
representations. Our tests were run in SUMMA, a modeling framework based on finite difference approaches 
and solving the coupled mass and energy balance equations. In these approaches robustly solving the temperature 
distribu tion  through the snowpack is key to representing the layering effects. Other modeling approaches may 
have a simplified representation of these principles, simple layering schemes and energy transfer through the 
snowpack, or miss the representation of specific processes such as water movement through the snowpack (see 
also discussion in Essery et al. (2013), Clark et al. (2017)).

6. Summary and Conclusions
We explored the impact of a model's snow layering configuration for simulating accumulation and melt in moun-
tain environments located in different geographic regions to examine how simple snow layering schemes with 
two to five layers compare with a benchmark model run with up to 100 layers. We tested 10 different simplified 
snow layering schemes, mimicking those found in common watershed scale and land surface models, ranging 
from two to five layers with different top layer thicknesses. We evaluated the simple snow layering configurations 
against a synthetic benchmark with up to 100 layers using the SUMMA modeling framework.

We found that models with fewer layers have a simplified representation of episodic winter ablation events and the 
evolution of snow water equivalent during the spring melt season. This is mostly due to the simpler representa-
tion of diurnal effects and mass and energy transfer through the snowpack and thicker top layer thickness. The 
parametrization of the top layer thickness is sensitive to representing diurnal temperature effects and the timing 
of snowmelt.

We showed that the effects of the snow layering schemes depend on the type of snowpack as influenced by its 
geographic position and climate. Thus, the snow layering scheme had the least impact at the Reynolds Creek 
location. In contrast, the choice of the layering scheme was particularly important at Col de Porte, a warm site that 
receives occasional precipitation as rain during the winter and where the liquid water content and density changes 
are more adequately modeled with multiple layers. The snow layering scheme also mattered at Dana Meadows, a 
cold site dominated by clear sky conditions and large diurnal air temperature variations during the ablation season 
and in between snowstorm events. Here, the layering scheme had an impact on simulating spring snowmelt initia-
tion because for deep and cold snowpacks the heat transfer into the pack and the representation of cold content is 
important. Models with multiple layers that can represent the temperature and liquid water retention through the 
snowpack are recommended in snowmelt models.

Data Availability Statement
The meteorological data sets for Dana Meadows are described in Lundquist et al., 2016. Both the Dana Meadows 
data and the post processing code (Bennett et al., 2021) are available at: https://zenodo.org/record/7065724%23.
Yxu%2DAuzMKMZ. Data for Col de Porte were from Morin et al. (2012). Data for Reynolds Creek were from 
Reba et al. (2011). More information about the SUMMA model at: https://ral.ucar.edu/solutions/products/summa.
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