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EXTENDED ABSTRACT 

 
Understanding spatial nonstationarity in the influence of topography and vegetation on patterns of snow 

water equivalent (SWE) can improve distributed SWE models and guide investigations of physical processes that 
generate this variability. In this study, we seek to understand the nature of this nonstationarity and improve upon a 
basin-scale statistical snow depth model by allowing for spatial patterns within observed relationships. To 
accomplish these objectives, we apply geographically weighted regression (GWR) (Fotheringham, Brunsdon, and 
Charlton, 2002) to gridded, 3m-resolution, LiDAR-derived elevation, canopy height, land cover classification, and 
snow depth products from the Tuolomne River Basin in California. The data are obtained from the Airborne Snow 
Observatory (ASO) (“ASO | NASA Airborne Snow Observatory” 2015), with snow depth observations from early 
April flights in 2013, 2014, and 2015 and topographic/vegetation features from 2014. Preliminary results suggest 
that our approach leads to a ~10% decrease in error relative to a comparable global model and that the spatial 
patterns in local relationships between snow depth observations and topographic and vegetation features are 
persistent across seasons. Furthermore, they suggest that the scale of nonstationarity in these relationships may fall 
between 50-100m, but that there is also a wide range in the magnitude of spatial variation across features. 

 
The statistical model employed in this study consists of two stages. In both stages, we regress snow depth 

(or residual snow depth) on the following topographic and vegetation features: elevation, slope angle, aspect, 
curvature, northness (cos(𝑎𝑠𝑝𝑒𝑐𝑡) ∗ sin (𝑠𝑙𝑜𝑝𝑒)), maximum upwind slope, land cover classification, and canopy 
height. In Stage 1, we apply a global Mixed Regressive, Spatial Autoregressive (MRSAR) error model to adjust for 
large-scale heterogeneous processes (e.g. weather) that cause depth observations from nearby pixels to be correlated. 
In Stage 2, we run a local, stepwise-distance-weighted, multiple regression at each pixel, using the Stage 1 residuals 
as the predictand. Snow depth, instead of SWE, is analyzed due to the availability of higher-resolution, directly-
observed gridded products and to the relative homogeneity of snow density compared with depth (López-Moreno et 
al., 2013). Cross-validation of 10,000-pixel samples from the 2013 and 2014 datasets gives an optimal Gaussian 
kernel bandwidth for Stage 2 local models between 50–100m (Figure 1), and 75m is chosen for the full analysis. 
 

This 75m optimal bandwidth is suggestive of the scale of nonstationarity within the observed relationships,  
of local regression coefficients to that of other features (Figure 2). Local multicollinearity has been demonstrated to 
affect statistical inference of GWR coefficients (Wheeler and Tiefelsdorf, 2005), so further investigation into this 
possibility is necessary before a formal interpretation of preliminary results like those seen in Figures 2 and 3.  
These preliminary results suggest that statistical snow depth predictions can be improved by allowing for spatial 
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Figure 1.  Cross-validated difference in RMSE between Stage 1 (MRSAR error model) and Stage 2 (GWR model) 
as a function of the kernel bandwidth used in Stage 2, for both 2013 and 2014 snow depth observations. 
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Figure 2.  Map of the marginal effect of topographic curvature on snow depth (relative to the global mean effect) 
within the 2014 model. 
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Figure 3.  CV of local regression coefficients from the 2014 model for a selection of features. 
 
 
nonstationarity in linear relationships between topography/vegetation and snow depth. Simultaneously, they imply a  
need for caution when extrapolating statistical relationships observed in sub-basin scale studies to the entire 
watershed. While the laws of physics are not varying, it is likely nonlinearities and interactions within these 
relationships that drive the nonstationarity observed in linear trends. Much additional work remains to be performed. 
Assessing multicollinearity within the data and the local coefficient estimates will allow for informed interpretation 
of spatial patterns in these coefficients; comparing GWR results from April and June can provide insight on in-
season temporal trends; and aggregating pixels to lower resolution blocks can reveal the impacts of model scale on 
GWR performance. Statistical SWE/snow depth prediction remains challenging, but understanding spatial patterns 
of the influence of features can potentially lead to better process knowledge and more accurate prediction.  
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