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ABSTRACT 
 
In an attempt to improve the performance of the basic temperature-index (TI) snowmelt model, 

modifications, including the addition of energy balance terms, have been introduced. One of the more popular 
modifications has been the inclusion of a shortwave radiation term or proxy term. As a result there exists a range of 
TI models that vary in input data requirements and complexity. We compared the performance of a selection of 
temperature-index snowmelt models at a partly forested site in the interior of British Columbia, Canada. A basic TI 
model, a TI model with slope, aspect, and forest cover correction factors (HBV-EC, CHC 2006), a TI model with a 
modeled potential incoming shortwave radiation term (Hock, 1999), and a TI model with a measured shortwave 
radiation term (Pellicciotti et al., 2005) were compared against snow course measurements on north and south 
aspect open and forested sites, total season melt on east and west aspect open and forested sites, and against daily 
automatic snow pillow melt data. Including the effects of slope and aspect and forest cover in some form in TI 
models does appear to improve melt modeling. The HBV-EC model performed better than the basic TI model and 
about the same or better than the two models that included solar radiation explicitly. There was little difference 
observed between the slightly varying radiation index models from Hock (1999) and Pellicciotti et al. (2005).  

 
INTRODUCTION 

 
Snowmelt can be modeled with either a physically-based energy or empirical temperature-index (TI) 

approach. The TI model in its most basic form only requires air temperature (Hock, 2003). Since the TI melt factor 
implicitly accounts for all the energy balance processes affecting snowmelt, it therefore can be highly variable in 
space and time (Kuusisto, 1980; Lang and Braun, 1990; Braithwaite, 1995). The melt factor represents the average 
melt rate of the basin, and does not take the spatial or temporal dynamics of the melt process into account. Thus 
there has been a push for more distributed models that can describe melt at finer temporal and spatial scales, and for 
more physically based models that can better account for the variability in the contribution of the individual energy 
balance components. This is of particular importance for use in predicting hydrological consequences of forest 
harvesting or disturbance (Jost et al., 2007). Energy balance models (EBM) can account for the spatial variability in 
forest cover and topography, but the accuracy of their application may be constrained by data availability. EBM 
require large amounts of input data that have been collected frequently enough to calculate at least daily averages 
and at high enough density to accurately represent the watershed of interest and this can make energy balance 
modeling at the watershed scale prohibitively difficult and expensive (Anderson 1968; Male and Granger 1981; 
Grayson et al. 1992). The components of an energy balance model can be calculated using more readily available 
meteorological measurements (Dingman, 2002; Walter et al., 2005), but a number of assumptions and 
approximations need to be made. 

 
The inclusion of a radiation term is one of the approaches taken to make the TI more physically-based 

(Kustas et al., 1994; Brubaker et al., 1996; Cazorzi and Fontana, 1996; Hock, 1999; Pellicciotti et al., 2005). 
Studies such as these extract an energy balance term from the melt factor in an attempt to better simulate snowmelt. 
Several of these approaches differ in their degree of complexity and their need for specific hydro-meteorological 
data as model input, and it remains which model performs best in terms of simplicity and performance. The HBV-
EC (Hydrologiska Byråns Vattenbalansavdelning – Environment Canada) model (CHC 2006) incorporates the 
effects of forest cover and aspect through empirical slope aspect correction and forest melt reduction factors, but it 
does not include explicit terms for shortwave energy. Hock (1999) included a modeled potential direct incoming 
shortwave radiation term, which captured diurnal melt cycles on a glacier. Pellicciotti and others (2005) modified 
the Hock model to separate the temperature and radiation components of the model and used measured radiation 
and albedo. The optimal model complexity for use in runoff models has not been determined. It may be that the  
_______________________________________ 
Paper presented Western Snow Conference 2009 
1 Kara Przeczek, 3333 University Way, UNBC, Prince George, BC, V2N 4Z9, przeczek@unbc.ca  
1 Stephen Déry, UNBC, Prince George, BC, sdery@unbc.ca  
1 Brian Menounos, UNBC, Prince George, BC, menounos@unbc.ca  
2 Dan Moore, UBC, Vancouver, BC, rdmoore@geog.ubc.ca  

15

mailto:przeczek@unbc.ca
mailto:sdery@unbc.ca
mailto:menounos@unbc.ca
mailto:rdmoore@geog.ubc.ca


optimal model varies as a function of data availability. Only the HBV-EC model explicitly accounts for forest 
cover. None of these three models appear to have been tested using spatial snow surveys for their ability to 
accommodate variations in forest cover. The goals of this study are to apply a selection of existing TI models at a 
forested site with multiple aspect and with limited existing data and assess their performance, and whether 
inclusion of measured shortwave radiation is beneficial to snowmelt prediction. 

 
METHODS 

 
Site 

The study area is within the Willow River basin, a tributary of the Fraser River. The study site is located just 
northwest (53°11’32’’ N, 121°39’49’’ W) of the town of Wells, approximately 110 km southeast of Prince George 
in central interior British Columbia. In winter 2006, a number of 0.2 - 1.2 ha,  forested area were harvested in a 200 
year-old Englemann spruce – subalpine fir (ESSF) forest. The elevation of the study site ranges from 1450 m – 
1675 m encompassing two hills and straddling the headwaters of Wiley and Two Bit creeks with a south aspect on 
the north side of the valley and a north aspect on the south side (Waterhouse, 2002). Snowmelt data were collected 
in east, west, north and south aspect openings and adjacent forest. An automatic weather station was installed 
between the south and east aspect sites on a flat location on the north side of the valley. The aspect clearings were 
each around 1 ha in size with elevations ranging from 1469 m on the south aspects to 1520 m on the north aspects. 
The surrounding trees ranged between 26-29 m on average and the slopes ranged from 3o - 13o. 

 
Models 
Basic Temperature Index 

The basic TI approach usually takes the form: 

M = Mf (Ta – T0),      ( 1 ) 

where 
M = the amount of melt (mm d-1) 
Mf  = the melt factor (mm °C-1 d-1) 
Ta = average daily screen level air temperature (°C) 
T0 = threshold temperature below which melt does not occur (°C) 

( M = 0 when Ta≤T0 ) 

Temperature-index with melt factor as a function of slope and aspect 
In the current HBV-EC model employed in EnSim (CHC 2006), the snow melt factor can vary as a function 

of slope and aspect as: 

[ ]M M A s bf f flat M= × − • •1 sin( ) cos( )   ( 2 ) 

where 
Mf flat = melt factor computed on flat terrain (mm d-1) 
AM = slope-aspect reduction parameter 0 < AM < 1 (dimensionless) 
s = slope 
b = aspect 

The full HBV-EC melt equation: 
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where 
Cmin = minimum melt factor on winter solstice for open areas (mm oC-1 d-1) 
DC = increase in melt factor between winter and summer solstice (mm oC-1 d-1) 
Jday = Julian day relative to winter solstice 
F = represents whether site is forested (F = 1) or open (F = 0) 
MRF = ratio between melt factor in forest to melt factor in open areas (0.6 ≤ MRF ≤ 1.0) 

Temperature Index with estimated potential clear sky shortwave radiation term 
Hock (1999) developed a grid-based temperature-index model that accounted for the spatial and daily 

variability of melt rates by incorporating potential clear-sky direct solar radiation.  
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( )( )0TTKRMM apotfF −+=  ,    ( 4 ) 

where 
Rf = radiation factor (mm (W m-2)-1 °C-1 d-1) 
Kpot = potential clear sky direct shortwave radiation at the surface (W m-2) 

Temperature Index with measured shortwave radiation term 
A temperature index model that includes a measured shortwave radiation term after the model developed by 

Pellicciotti et al. (2005).  

( ) KRTTMM faf +−= 0 ,     (5) 

where 
K = measured shortwave radiation (W m-2) 
Rf = radiation factor (mm (W m-2)-1 d-1) 

The current HBV-EC routine includes a melt reduction factor (MRF) for forest cover and a sinusoidal 
increase in the melt factor from winter to summer solstice (DC) (Equation 3). The slope-aspect reduction parameter 
(AM) adjusts the melt factor based on the slope and aspect of the site. The Hock model uses modeled potential 
incoming shortwave radiation, although measured radiation can also be used if available. The model was run with 
both forms for this study. The Pellicciotti model varies slightly in formulation from the Hock model by separating 
out the temperature and radiation terms and including surface albedo. The Pellicciotti model can use both modeled 
and measured shortwave radiation, but only measured radiation was used for this study. Both the Hock and 
Pellicciotti models were modified in this study such that separate radiation and melt factors were calibrated for 
open and forested sites instead of separate factors for ice and snow.  

 
Model coefficients were optimized in R (http://www.r-project.org/index.html) with (optim) and the root mean 

squared error (rmse) function using the Mt Tom north and south aspect swe measurements. The resulting models 
were then tested at the Mt Tom sites, the four east and west aspect sites, and at the Barkerville automatic snow 
pillow. Comparisons among models were done visually with plots of predicted versus observed melt as well as by 
comparison of rmse, mean bias error (MBE), and Nash-Sutcliffe R2 goodness of fit statistics. 

 
Data Collection 

We collected air temperature and shortwave incoming radiation data to run the models and snow water 
equivalent (swe) data to calibrate and test the models. The main study sites were the four north and south aspect 
snow course sites at Mt Tom. The models were also tested at additional east and west aspect sites nearby and 
against swe data from the nearest Ministry of Environment automatic snow pillow at Barkerville, BC.  

 
Meteorological data 

The Campbell Scientific automatic weather station was installed in October 2007 and collected air 
temperature and relative humidity, wind speed and direction, incoming shortwave radiation, and snow depth during 
the winter and spring of 2008. Data were scanned every 1 minute, and 15 minute averages were logged. 
Precipitation was available at the nearby Barkerville Environment Canada weather station and at the Barkerville 
automatic snow pillow. Incoming shortwave radiation was also measured at each of the north and south aspect open 
sites using CMP3 thermopile pyranometers. These pyranometers were set up parallel to the slope to measure 
incident radiation whereas the weather station pyranometer was horizontal. 

 
Snow water equivalent and melt 

Snow surveys were conducted at the four north and south aspect sites. Snow depth and swe were measured 
using a standard Federal snow tube (diameter = 4.13 cm) at 12 evenly-distributed locations within each site. 
Starting 1 April 2008, surveys were conducted at each site roughly once every week until the snow had completely 
melted, which was near the end of May for the south aspect open and forest and the north aspect forest sites and the 
first week of June for the north aspect open site. 

 
At the east and west aspect open and forest sites, Tidbit temperature sensors were used to obtain total melt 

for the season. To obtain melt, a swe measurement was taken using the Federal snow sampler and the Tidbit was 
placed at the bottom of the hole left by the sampler. The snow in the sampler was replaced and the Tidbit was left in 
place until the snow had completely melted. The temperature data on the Tidbits showed clear diurnal cycles as 
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soon as the snow melted off; this date was used to determine the total time to melt all of the measured swe. Two 
Tidbits were set up at each of the four sites and the results were averaged for each site. Thus there is a total melt for 
each of the four Tidbit sites. 

 
The Barkerville automatic snow pillow is maintained by the B.C. Ministry of Environment. Precipitation, 

swe, air temperature, and snow depth are measured hourly at the site. It is located less than 20 km southeast of the 
Mt Tom snow course sites and at an elevation of 1483 m. The automatic weather station at Mt Tom is at 1489 m. 
Comparison of SR50 snow depth data at the snow pillow and at the weather station at Mt Tom showed similar 
patterns in snow accumulation. 

 
RESULTS 

 
The HBV-EC model had the smallest optimization root mean square error (rmse), indicating the best 

coefficient fit to the data (Table 1). The Hock model run with modeled radiation resulted in radiation factors for 
open and forested sites of zero; radiation did not contribute to melt. However, when measured radiation was used 
with the Hock model the open site radiation factor was greater than zero indicating a small radiation contribution to 
total melt. The average of the melt factor values for the Hock model with modeled radiation was 2.24 mm oC-1 d-1 
and for the basic temperature index (which is essentially what the Hock model became with Rf = 0), the melt factor 
was 2.32 mm oC-1 d-1. Neither of the radiation index models calibrated a radiation factor for forested sites indicating 
that shortwave radiation does not play a role in melt in forested sites. In her study, Hock (1999) obtained a Mf of 
1.80 mm oC-1 d-1 using modeled radiation and 2.10 mm oC-1 d-1 using measured radiation. The Mf obtained in this 
study were larger for both cases (Table 1). Hock obtained a Rf of 0.01 mm (W m-2)-1 oC-1 d-1 using modeled 
radiation and 0.02 mm (W m-2)-1 oC-1 d-1 using measured radiation. The Rf -O obtained using measured radiation in 
this study was much smaller and no radiation factor was obtained when modeled radiation was used in the 
calibration. Pellicciotti et al. (2005) obtained a Rf of 0.22 mm (W m-2)-1 d-1 and an Mf of 1.20 mm oC-1 d-1 for both 
the modeled and measured radiation runs. These values were larger and smaller, respectively, than the Rf and Mf 
obtained in this study using the same model. Pellicciotti also ran the Hock model and obtained a Mf of 1.97 mm oC-1 
d-1 and a Rf of 0.01 mm (W m-2)-1 oC-1 d-1. Again, the values obtained in this study were larger and smaller 
respectively. Both the Pellicciotti and Hock models were created and tested on glaciers located in Switzerland and 
Sweden, respectively. In this study the models were applied to a forested area with multiple slope and aspect 
combinations in the interior of British Columbia.  

 
Table 1.  Optimized coefficients for each model. Mf - O = open site melt factor; - F = forest site; RMSE = root 
mean square error used in optimization. All other abbreviations are as in model description. Mf, DC, and Cmin are in 
mm oC-1 d-1; Rf is in mm (W m-2)-1 °C-1 d-1 for the Hock model and in mm (W m-2)-1 d-1 for the Pellicciotti model; 
AM and MRF are dimensionless.   

 Coefficients 

Model Mf    RMSE 

Basic TI 2.3179    43.68 

Model Cmin DC AM MRF RMSE 

HBV-EC 3.0586 0 0.5840 0.5467 31.80 

Model Mf-O Mf -F Rf-O Rf -F RMSE 

Hockmsd 2.7314 1.6183 0.0006 0 33.78 

Hockmod 2.8626 1.6179 0 0 33.81 

Pellicciotti0.5 2.6874 1.6179 0.0138 0 33.76 

When the goodness of fit statistics are compared among the models, the HBV-EC model scored better than 
the other models 56 % of the time (Table 2). The Hock model using measured radiation scored better than the other 
models 11% of the time, and the basic temperature-index model scored better than the other models 22% of the 
time. The HBV-EC model had the highest R2 value when used to predict melt for the four Tidbit sites. However, 
the HBV-EC model also had the lowest R2 value when used to predict melt at the Barkerville automatic snow 
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pillow (Table 2). The average R2 for each model across all three validation sites was 0.56, 0.56, 0.59, 0.60, and 0.59 
for the basic temperature-index, the HBV-EC, the Hock model with measured radiation, the Hock model with 
modeled radiation, and the Pellicciotti model, respectively.  

 

Table 2.  Comparison statistics for each model and each test site. The ‘best’ value for each site is bold and 
italicized. RMSE = root mean square error; MBE = mean bias error; R2 = Nash-Sutcliffe R2 

Model Site RMSE (mm) MBE (mm) R2 

BTI snowcourse 43.68 1.01 0.40 
HBV-EC snowcourse 31.80 2.22 0.68 
Hockmsd snowcourse 33.78 0.67 0.64 
Hockmod snowcourse 33.81 0.79 0.64 

Pellicciotti0.5 snowcourse 33.76 1.18 0.64 
BTI Tidbits 69.16 -18.63 0.69 

HBV-EC Tidbits 37.76 -4.14 0.91 
Hockmsd Tidbits 39.90 -24.86 0.90 
Hockmod Tidbits 39.78 -23.98 0.90 

Pellicciotti0.5 Tidbits 38.96 -21.65 0.90 
BTI snow pillow 5.29 1.58 0.58 

HBV-EC snow pillow 7.79 3.96 0.08 
Hockmsd snow pillow 7.13 3.34 0.23 
Hockmod snow pillow 7.03 3.33 0.25 

Pellicciotti0.5 snow pillow 7.15 3.60 0.23 
 
Figure 1 a-d shows the predicted and observed melt for each model at each of the four snow course sites. 

The corresponding model comparison statistics are in Table 2. In each case predicted melt was calculated using 
coefficients calibrated to all four snow course sites. Thus the panels in Figure 1 indicate the ability of each model to 
predict melt for the sites used in calibration. A similar pattern emerges for each snow course site among all the 
models, but with variation in the spread among the data points for each site (Figure 1). Melt at the north open site 
(+) is both overestimated and underestimated by all four models. The addition of aspect directly with the HBV-EC 
model (b) and through radiation in the Hock and Pellicciotti models (c, d) results in a narrowing of the relationship 
between modeled and observed melt compared to the basic temperature-index (a). 
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Figure 1 Predicted versus observed melt for each snow course site and each model. a) basic temperature-index; b) 
HBV-EC; c) Hock model run with modeled radiation; the results using measured radiation were nearly identical; d) 
Pellicciotti model. The 1:1 line is included for reference. 

 
Figure 2 a-d shows the predicted and observed melt for each model at each of the four Tidbit sites. The 

corresponding model comparison statistics are in Table 2. The Tidbit melt data are independent of the data used in 
calibrating the models and the Tidbit sites cover different aspects than those used in model calibration. The Tidbit 
sites are located adjacent to the snow course sites maintaining the same small-scale weather and snow pack 
conditions. Thus the panels in Figure 2 indicate the ability of each model to predict melt for independent sites with 
different slopes and aspects. All models predicted melt at the Tidbit sites better than for any other site (Table 2). 
However, there were only four total season melt values for comparison. Summing daily predicted melt over time 
can reduce the daily errors in melt estimation and give a good total melt prediction as a result. Unfortunately only 
total melt was available for the Tidbit sites. The basic TI model (a) over predicted melt for the forested sites and 
under predicted melt for the open sites. This is expected for a model that does not consider the effect of vegetation 
cover in determining melt. The HBV-EC model, which includes slope, aspect, and forest cover in calculating melt, 
had less error between the predicted and observed values. Both the models that included solar radiation (c and d) 
performed similarly to the HBV-EC model and nearly identical to each other. Melt was under predicted at the west 
open and east forest sites. It is clear that in the case of the Tidbit melt sites the addition of aspect and forest cover to 
melt calculations markedly improved melt prediction (Figure 2). 
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Figure 2.  Predicted versus observed melt for each Tidbit melt site as calculated by each model. a) basic 
temperature-index; b) HBV-EC; c) Hock model using modeled radiation; the results using measured radiation were 
nearly identical; d) Pellicciotti model. The 1:1 line is included for reference. 

 
Figure 3 a-d shows the predicted and observed melt for each model at the Barkervillle automatic snow 

pillow site. The corresponding model comparison statistics are in Table 2. The Barkerville snow pillow data are 
independent of the data used in calibrating the models and is located approximately 20 km southwest of the snow 
course sites in an open, flat location. The snow pillow showed a similar snow pack evolution as at Mt Tom, but 
may have experienced differences in temperature and other energy inputs. In addition the snow pillow measured 
change in swe continuously throughout the season. Thus the panels in Figure 3 indicate the ability of each model to 
predict melt at the daily time scale for an independent site. In general the predicted and observed melt follow a 
similar pattern over time. There are two melt events indicated by the models that are not observed at the pillow 
around mid-April and the beginning of May (Figure 3). Predicted melt is strongly dependent on temperature for all 
models, and air temperatures rose above 0 oC during these two period. However, the cold content of the snow pack 
is not taken into consideration by TI models and a severe cold snap around 20 April 2008 likely resulted in the 
delayed response of the snow pillow to increasing air temperatures. Melt at the Barkerville snow pillow was the 
most poorly predicted out of all sites (Table 2). Melt was over predicted almost all of the time (Figure 3). The basic 
TI (a) performed the best in this situation, and the HBV-EC model (b) performed the worst with an R2 of only 0.08 
(Table 2). The HBV-EC model strongly over predicted melt at the snow pillow. The snow pillow was located in an 
open, flat site, therefore the aspect and forest parameters are not used in predicting melt. Thus only the 
comparatively large Cmin parameter was used to calculate melt. The other parameters provided a moderating effect 
when applied to the Tidbit and snow course sites. This could indicate an interaction problem among the numerous 
parameters in the HBV-EC model. This effect may be exacerbated by the small data set and short calibration period 
available. This may also indicate an overall calibration issue with all models with four coefficients. In addition, the 
models were calibrated at a weekly timescale, but were used to predict daily melt at the Barkerville snow pillow 
site. 
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Figure 3.  Time evolution of the predicted versus observed melt for the Barkerville snow pillow site as calculated 
by each model. a) basic temperature-index; b) HBV-EC; c) Hock model using modeled radiation; the results using 
measured radiation were nearly identical; d) Pellicciotti model. 

 
SUMMARY 

 
Including the effects of slope and aspect and forest cover in some form in temperature index models 

improves the performance of temperature-index models. The consideration of forest cover and topography in 
modeling melt for areas with complex terrain is important. The HBV-EC model, which does not require any 
additional meteorological measurements over the basic TI model, performed better than the basic TI model and 
about the same or better than the two models that included a parameter to account for solar radiation. There was 
little difference observed between the radiation index models of Hock (1999) and Pellicciotti et al. (2005) as both 
models provided nearly identical melt predictions. This concordance likely reflects the minor contribution to melt 
prediction provided by the models’ radiation component in this study. Neither the Hock nor Pellicciotti models 
showed any strong improvement over the HBV-EC. The Hock and Pellicciotti models did perform better than the 
HBV-EC model at the snow pillow site, but no models were able to predict daily melt well at the snow pillow site. 
Since all three models have the same number of coefficients to calibrate and the radiation index models also 
requires the measurement or modeling of incoming shortwave radiation and albedo, this formulation does not 
appear to be a 'better' choice over the current HBV-EC.  

 
Snow course measurements taken across the two extremes in aspect and in forest cover may not be adequate 

to calibrate snow melt models. Issues arose with the calibrated coefficients which may be a result of the size and/or 
the temporal resolution of the calibration data set. The use of river discharge, which is normally employed to 
calibrate the operational rainfall-runoff models in which these snow melt models are contained, may improve the 
calibration and enable better comparison among the snow melt models in this study. Further research should 
incorporate these melt algorithms into full runoff models Remote sensing products may also useful for calibration 
and model testing purposes. 
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