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EXTENDED ABTRACT 

Physically-based models form the basis of our understanding of snow processes, especially in climates and 
locations with limited observations. However, process representations vary greatly between snow models. As the 
basis of our physical understanding, it is critical that we understand what model components are necessary for 
representing snow processes accurately. Snow model intercomparison studies repeatedly demonstrate divergence 
between simulated values, such as the snow water equivalent (SWE), but are unable to conclude what model 
processes are responsible (Slater et al., 2001; Feng et al., 2008; Rutter et al., 2009; Essery et al., 2013). This inability 
to describe what makes a snow model “good” degrades the community’s understanding of current and future energy 
and water cycles. We interpret this divergence between models to signify, at least in part, that the surface energy 
balance (SEB) of snow is not well known. In response, we argue for the inclusion of surface temperature (Ts) 
observations in future modeling studies and observation sites to better constrain the snow SEB. 

 
The typical evaluation strategy may be partially responsible for a poorly constrained SEB. Specifically, our 

inability to discriminate between models with different conceptual representations of snow processes may be a 
consequence of the observations that are typically available to evaluate snow models. Most model evaluations rely 
on observations of SWE or snow depth, which are much more common than energy balance measurements (Bales et 
al., 2006; Raleigh et al., 2015). However, SWE and snow depth contain limited information regarding the SEB, such 
that we are unable to simultaneously constrain all modeling decisions. The problem with comparing snow models to 
these types of observations is that there are so many processes influencing the evaluated variables, that we are 
systematically predisposed to have equifinality, a common problem in hydrology (Beven, 2006), in which multiple 
conceptual models of the underlying physics each appear equally valid. 

 
To understand why evaluations with SWE alone are insufficient for constraining modeling decisions, we 

must first understand what information specifically regarding the SEB is contained in SWE. During periods of melt 
(negative SWE changes), we know that the snow is isothermal and that the net energy flux is from the atmosphere to 
the snow pack. Periods with either no SWE change or an increase in SWE contain limited information on the state of 
the snow’s SEB. During these periods, we only know that the bulk snow temperature may be less than 0 °C. The net 
energy flux may be into or out of the snow--constant or positive increases in SWE do not contain information on 
even the magnitude or sign of the net SEB. Melt (i.e., ΔSWE<0) is the only period during which we directly know 
something about the SEB, however, melt is only observed during a small fraction of the winter for the majority of 
climates (Figure 1). The rest of the winter we are left with observations that are unable to constrain our modeling 
decisions. 

 
This interpretation may partially explain the difficulty modeling warm, maritime sites where melt is much more 

frequent than cold, continental sites (Essery et al., 2013; Lapo et al., 2015). During warm conditions, differences in 
the simulated SEB between models can either suppress or enhance melt, causing divergence in simulated SWE. 
During colder conditions, the same differences in the SEB do not generate melt, causing no change to SWE. 
However, these differences in the SEB are manifest in Ts (e.g., Slater et al., 2001).  

 
 Physically-based snow models balance the energy absorbed from the atmosphere through the downwelling 

irradiances by adjusting the snow’s surface temperature, partitioning energy into outgoing longwave, turbulent 
fluxes, exchanging energy with deeper snow layers, and melting. Consequentially, Ts is the prognostic state variable 
of the simulated SEB. Model evaluations with Ts allow us to directly assess the modeled SEB, yielding unique 
information that SWE-based evaluations lack. 
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Figure 1.  (top) Observed SWE at Grizzly Peak in water year 2004. Days during which melt is observed are 
indicated in red, with 83% of the snow duration period not observing melt. (bottom) Percent of the snow duration 
(i.e., periods with zero observed SWE are excluded) that does not observe a SWE decrease for all SNOTEL stations 
in the continental US (n = 823, 1980-2015). The red line indicates the percent melt at Grizzly Peak in water year 
2004. 
 

66



 

An example of this type of evaluation is shown in Figure 2, adopted from Lapo et al., [2015]. In this study, errors in 
the downwelling radiative fluxes were systematically introduced, creating an error in the simulated SEB. For the 
majority of the simulated period, Ts differs between the perturbed simulations throughout the simulation, but SWE 
only diverges during a small number of events. Identifying the presence of errors in the SEB would be difficult to 
evaluate using SWE alone. Similar results have been noted in a number of related studies (Slater et al., 2001; 
Raleigh et al., 2013; Lapo et al., 2015).  
 

Ts observations are easy to make and robust. Infrared thermometers can provide temporally continuous, 
accurate observations of Ts. Other instruments that give similar information on the SEB as infrared thermometers, 
such as pyrgeometers or net radiometers, are more expensive and difficult to maintain [WMO, 2014]. Additionally, 
radiometers have a large field of view, making it difficult to remove non-snow covered surfaces from a radiometer’s 
sample area. In contrast, infrared thermometers have a much smaller footprint, allowing for more focused sampling 
of the SEB. Ts is an easy addition to study sites relative to other instruments designed to observe energy fluxes at 
the snow’s surface. Further, Ts can be observed through remote sensing platforms, yielding spatially-distributed 
information on the SEB, a potential boon for distributed snow and hydrologic modeling. This state variable has been 
largely overlooked by the snow hydrology community and we argue for its inclusion in future studies. 
(KEYWORDS: model evaluation, surface energy balance, surface temperature, equifinality) 
 

Figure 2.  Simulation results from (left column) UEB and (right column) SNTHERM at Dana Meadows, CA for 
varying downwelling longwave biases with (a and b) SWE, (c and d) daily average of the baseline Ts, and (e and f) 
the difference in daily Ts (perturbed minus baseline). Figure adapted from Lapo et al. (2015). 
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