
 

 

 

 

 

 

 

 

SnowDepth™  
Theory Manual 

 

 



 

i 

 

Contents 

1 Introduction ........................................................................................................................................... 2 

2 Theory ................................................................................................................................................... 2 

2.1 Rain or Snow ................................................................................................................................. 3 

2.2 Snow Accumulation ...................................................................................................................... 3 

2.3 Energy Exchange at Snow-Air Interface....................................................................................... 4 

2.3.1 Rain on Snow Melt ............................................................................................................... 5 

2.3.2 Non-Rain Melt ...................................................................................................................... 6 

2.3.3 Energy Exchange when No Surface Melt ............................................................................. 8 

2.4 Internal Changes within Snow Pack ............................................................................................. 9 

2.4.1 Snow Cover Ripeness ........................................................................................................... 9 

2.4.2 Snow Depth Calculation ..................................................................................................... 11 

3 SnowDepth Calibration ....................................................................................................................... 15 

3.1 Summary of Parameters .............................................................................................................. 15 

3.1.1 Major Snow Parameters: ..................................................................................................... 15 

3.1.2 Minor Snow Parameters ...................................................................................................... 17 

4 Validation ............................................................................................................................................ 19 

4.1 Discussion ................................................................................................................................... 24 

5 References ........................................................................................................................................... 27 

 



 

2 

 

1 Introduction 

The SnowDepth™ software, which is based on the SNOW-17 theory, as described by Eric Anderson [1] 
is a snow accumulation and ablation model used to estimate the depth of snow on natural surfaces. It 
is a conceptual model in which each of the significant physical processes affecting snow accumulation 
and snowmelt are mathematically represented. The model uses air temperature as the sole index to energy 
exchange across the snow-air interface and was originally developed to run in conjunction with a rainfall-
runoff model.  

A novel approach implemented in this software is the use of constrained non-linear least-squares 
optimization to calibrate model parameters for a particular location. This greatly enhances its accuracy in 
comparison to a standard implementation of SNOW-17. 

Some validation is provided in the final section of this documentation.  

2 Theory  

SNOW-17 is an index model using air temperature as the sole index to determine the energy exchange 
across the snow-air interface. In addition to temperature, the only other input variable needed to run the 
model is precipitation. It was originally designed for use in river forecasting but has successfully been 
applied at point locations to simulate the accumulation and melting of the snow cover. 

For river forecasting, large river basins are divided into headwaters and local areas generally based on 
where river observations are available. In flat terrain, SNOW-17 is typically applied to a headwater 
drainage or local area, though in some cases large drainages may be divided into several sub-areas. In 
mountainous regions, due to the significant variation in the amount of snow and the timing of melt with 
elevation, watersheds are typically divided into 2 or 3 elevation zones when using SNOW-17. Since the 
model was not designed to calculate how melt rates might vary with various physiographic factors 
SNOW-17 is not generally used for applications such as predicting the effect of land use changes.  

In order to get the best results from SNOW-17 for river forecasting applications three things must occur:  

1. The model must be properly calibrated, 
2. The input data (precipitation and temperature) used operationally must be unbiased compared to 

that used for calibration, and  
3. Well devised, ideally objective, updating schemes must be used to remove bias and to minimize 

random errors to the maximum extent possible.  

The values of the model parameters, as determined through calibration, represent normal conditions over 
a river basin (i.e. the typical spatial variation of precipitation and temperature, the prevailing storm 
directions and wind conditions that affect the 3 measurement and distribution of snow, the typical 
climatological conditions during periods of melt, etc.). While many of the errors during calibration are 
random, there are certain biases that can’t be overcome when using a temperature index snow model (e.g. 
very high melt rates, often associated with major runoff events, are generally the result of abnormal 
meteorological conditions, such as high winds and dew-points, resulting in a tendency to under estimate 
snowmelt during such events).  



 

3 

 

Figure 1 shows the model diagram for the SNOW-17 algorithm that is implemented in SnowDepth. The 
following sections explain each stage in detail. Areal Extent of the Snow Cover and Transmission of 
Excess Liquid are not implemented in SnowDepth as the outflow is not calculated.  

 

Figure 1 – SNOW-17 Model Diagram 

 

2.1 Rain or Snow 
PXTEMP is an input parameter which represents the threshold air temperature above which all 
precipitation is classified as rain.  

2.2 Snow Accumulation  
 

 𝑃𝑛 = 𝑃 ⋅ 𝑓𝑠 ⋅ 𝑺𝑭𝑪 (1) 

where: Pn = water equivalent of new snowfall (mm), 

P = total precipitation input to the model (mm), and 

fs = fraction of precipitation in the form of snow. fs is fixed at 1.  

SFC accounts for gage catch deficiencies that occur during snowfall measurement caused be sublimation 
and redistribution of blowing snow. It is an average value used over the complete accumulation period. 
When melt periods are preceded by only a couple snow storms, errors are much greater as variations from 
event to event catch deficiency do not cancel out.  
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The density of new snow is decided be Eq. 2; the value declines rapidly as temperature decreases between 
0 to -12 °C followed by little further decrease for colder temperatures [2].  

 𝜌𝑛 = 0.001 �67.92 + 51.25 exp �
𝑇𝑎

2.59
�� (2) 

 

where: 𝜌𝑛 = density of new snowfall (g/cm3) 

𝑇𝑎 = air temperature (°𝐶) 

 

The depth of new snow fall is then calculated using Eq 3.   

 𝐻𝑛 =
𝑃𝑛
𝜌𝑛

 (3) 

where: Hn = depth of new snowfall (mm). 

𝑃𝑛 = precipitation (mm) 

𝜌𝑛 = density of new snowfall (g/cm3) 

 

The cold content added to the snow pack is calculated using Eq. 4; i.e. the amount of heat that must be 
added to bring the temperature of the new snow to 0 degrees.  

 Δ𝐷𝑝 = −
𝑇𝑛 ⋅ 𝑃𝑛
𝐿𝑓/𝑐𝑖

 (4) 

 
where: ΔDp = change in the heat deficit due to snowfall (mm), 

Tn = temperature of the new snow (°C),  

Lf = latent heat of fusion (80 cal·gm-1) 

ci = specific heat of ice (0.5 cal·gm-1·°C-1) 

2.3 Energy Exchange at Snow-Air Interface 
The SNOW-17 model calculates surface melt in different ways depending on whether rain is occurring or 
not. Melt during rain-on-snow periods is computed differently than melt during non-rain periods because: 

• the magnitude of the various energy transfer components tend to be quite different between the 2 
situations, 

• the dominant energy transfer components during rain-on-snow periods are known, and 



 

5 

 

• the seasonal variation in melt rates is generally quite different between non-rain and rain periods. 

The model also keeps track of the heat deficit within the snow cover that develops when the temperature 
drops below 0°C. SNOW-17 expresses energy exchange in terms of mm, where an mm of energy is the 
amount of heat required to melt or freeze 1 mm of ice or water, respectively, at 0°C – approximately 8 
cal/cm2. This makes it easy to compare the heat deficit to the amount of melt or rain water required to 
overcome the deficit. 

2.3.1 Rain on Snow Melt 

An energy-balance model is used for rain on snow modelling and the following assumptions are made:  

1. Incoming solar radiation is negligible because overcast conditions generally prevail. 
2. Incoming longwave radiation is equal to black body radiation (emissivity of 1.0) at the 

temperature of the cloud layer which should be reasonably close to the air temperature 
3. Relative humidity is quite high (90% is assumed), and thus the wet bulb temperature is essentially 

equal to air temperature 
4. Snow surface temperature is equal to 0°C 
5. Melt is independent of the time of the year. This assumption would only be invalid when there is 

a definite seasonal variation in the wind speed during rain events.  

Eq. 5 is the energy budget equation used. UADJ is the parameter used to indicate the average wind 
function. This is only used when the precipitation is greater than 0.25mm per hour.  

 

 
𝑀𝑟 = 𝜎 ⋅ Δ𝑡𝑝 ⋅ [(𝑇𝑎 + 273)4 − 2734] + 0.0125 ⋅ 𝑃 ⋅ 𝑓𝑟 ⋅ 𝑇𝑟 

+8.5 ⋅ 𝑼𝑨𝑫𝑱 ⋅ �
Δ𝑡𝑝

6
� ⋅ [(0.9 ⋅ 𝑒𝑠𝑎𝑡 − 6.11) + 0.00057 ⋅ 𝑃𝑎 ⋅ 𝑇𝑎] 

(5) 

 

where: Mr = melt during rain-on-snow time intervals (mm), 

σ = Stefan-Boltzman constant – 6.12·10-10 mm/°K/hr, 

Δtp = time interval of precipitation data (hours), 

Ta = air temperature (°C), 

273. = 0°C on the Kelvin scale, 

fr = fraction of precipitation in the form of rain, 

Tr = temperature of rain (°C) – (=Ta or 0°C, whichever greater), 

UADJ = average wind function (mm/mb/6 hr), 

esat = saturated vapor pressure at Ta (mb)  

Pa = atmospheric pressure (mb) 
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The saturated vapor pressure is calculated using Eq. 6 and the atmospheric pressure by Eq. 7.  

 𝑒𝑠𝑎𝑡 = 2.7489 ⋅ 108 ⋅ exp(−4278.63/(𝑇𝑎 + 242.792)) (6) 

 𝑃𝑎 = 33.86 ⋅ (29.9 − 0.335 ⋅ 𝐻𝑒 + 0.00022 ⋅ 𝐻𝑒2.4) (7) 

where: He = elevation (meters). 

Further details on the derivation of Eq. 5, 6 and 7 are provided in Appendix of the original Anderson 
thesis [1].  

2.3.2 Non-Rain Melt  

 

SNOW-17 uses a melt factor to estimate the amount of surface snowmelt for no rain and very light 
rainfalls, less than 0.25mm/hr. The melt factor is based on results from an energy balance model. In 
Figure 3, the curve represents the fitted curve SNOW-17 would implement. The points that deviate 
considerably from the average are during periods when air temperature is slightly above freezing or above 
freezing nighttime periods.  

 

Figure 2 - Seasonal Melt Factor Variation for conterminous United States 

The melt factor is thus calculated using Eq. 8 with parameters MFMAX and MFMIN determining 
extreme values of the melt factors. In Figure 3, the variation is shown for Alaska where minimal sunlight 
persists for most the winter. To account for the rapid increase and decline in melt from rapidly changing 
daylight hours, the factor 𝐴𝑣 is used to adjust for locations with latitudes above 54 ° North. 
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Figure 3 - Seasonal Melt Factor Variation used by SNOW-17 

 

 𝑀𝑓 =
Δ𝑡𝑡
6
⋅ {𝑆𝑣 ⋅ 𝐴𝑣 ⋅ (𝑴𝑭𝑴𝑨𝑿−𝑴𝑭𝑴𝑰𝑵) + 𝑴𝑭𝑴𝑰𝑵} (8) 

 

 𝑆𝑣 = 0.5 ⋅ sin�
𝑁 ⋅ 2𝜋

366
�+ 0.5 (9) 

 

where:  Mf = non-rain melt factor measured in mm/°C/Δtt 

N = day number since March 21st, 

MFMAX = maximum melt factor – June 21st (mm/°C/6 hrs), 

MFMIN = minimum melt factor – Dec. 21st (mm/°C/6 hrs), and 

Av = seasonal variation adjustment: 

When latitude < 54° North, Av = 1.0, and 

When latitude ≥ 54° North: 

Av = 0.0 from September 24 to March 18, 

Av = 1.0 from April 27 to August 15, and 

Av varies linearly between 0.0 and 1.0 from 3/19-4/26 and between 1.0 and 0.0 from 8/16-9/23. 
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The total non-rain melt 𝑀𝑛𝑟  is calculated using Eq. 10. The parameter MBASE is used to vary the 
temperature above which melt typically occurs. The value of 0°C is used typically but is varied in special 
locations where physiographic conditions at the site affect the melt start temperatures.  

 𝑀𝑛𝑟 = 𝑀𝑓 ⋅ (𝑇𝑎 −𝑴𝑩𝑨𝑺𝑬) ⋅ �
Δ𝑡𝑝
Δ𝑡𝑡

� + 0.0125 ⋅ 𝑃 ⋅ 𝑓𝑟 ⋅ 𝑇𝑟 (10) 

 where: Mnr = melt during non-rain periods (mm), 

Mf = melt factor (mm/°C/Δtt), 

Δtt = time interval of temperature data (hours), and 

MBASE = base temperature (°C). 

2.3.3 Energy Exchange when No Surface Melt 

SNOW-17 uses a heat deficit to keep track of the net heat loss from the snow cover. The thermal gradient 
in the upper layer of the snowpack are estimated using the Antecedent Temperature Index, ATI, in Eq. 11. 
The snow surface temperature is assumed to be 0°C or air temperature, whichever is less.   

 𝐴𝑇𝐼2 = 𝐴𝑇𝐼1 + 𝑇𝐼𝑃𝑀Δ𝑡𝑡 ⋅ (𝑇𝑎 − 𝐴𝑇𝐼1) (11) 

where: ATI = antecedent temperature index (°C) where: 

if ATI > 0°C, ATI = 0°C, 

if Pn > 1.5·Δtp, ATI = Tn, 

𝑇𝐼𝑃𝑀Δ𝑡𝑡 = 1.0− (1.0 − 𝑇𝐼𝑃𝑀)Δ𝑡𝑡/6, and 

TIPM = model parameter (>0.0 and <1.0). 

The equation weighs the most recent air temperatures by decreasing amounts as one goes further back in 
time. When there is sufficient new snowfall (greater than 1.5 mm/hr water equivalent), ATI becomes 
equal to the temperature of the new snow. 

The heat deficit is calculated using Eq. 12. The gradient in the upper layers of the snow cover is estimated 
as the difference between Tsur and ATI. When Tsur is less than ATI, the heat deficit is increasing and when 
Tsur is greater than ATI the heat deficit is decreasing. The rate of the increase or decrease is based on a 
negative melt factor, NMF. The NMF is assumed to vary seasonally since typically the density of the 
snow cover tends to increase from the accumulation period to the melt season and the thermal 
conductivity of the snow is closely related to the density. Since the rate of heat gain or loss when the air 
temperature is below freezing is significantly less than when surface melt is occurring due to the 
insulating properties of snow and since the model uses a rough approximation to the temperature gradient 
in the upper layers of the snow, a unique seasonal variation is not used. Instead the seasonal variation in 
the negative melt factor is assumed to be the same as for the non-rain melt factor, Mf. 



 

9 

 

 Δ𝐷𝑡 = 𝑁𝑀𝑓 ⋅ (𝐴𝑇𝐼 − 𝑇𝑠𝑢𝑟) = 𝑵𝑴𝑭 ⋅ �
Δ𝑡𝑝

6
� ⋅

𝑀𝑓

𝑴𝑭𝑴𝑨𝑿
⋅ (𝐴𝑇𝐼 − 𝑇𝑠𝑢𝑟) (12) 

 

where: ΔDt = change in heat deficit due to a temperature gradient (mm), 

NMf = negative melt factor (mm/°C/Δtp), and 

NMF = maximum negative melt factor (mm/°C/6 hr). 

2.4 Internal Changes within Snow Pack 
SNOW-17 only deals with the overall state of the snow cover, and does not try to calculate the 
temperature, liquid water or density profile within the pack. The overall ripeness is accounted for by 
keeping track of the heat deficit and liquid water storage.  

2.4.1 Snow Cover Ripeness 

A snow cover is considered to be ripe when any additional melt or rain water cannot be held within the 
snow but will move through the pack and become outflow. This occurs when the snow cover is 
isothermal at 0°C and the liquid water storage capacity is full. In SNOW-17 the snow cover is ripe when 
both the heat deficit is zero and the amount of liquid water held in the pack equals the holding capacity. 
The liquid water holding capacity in SNOW-17 is determined by Eq. 13. PLWHC represents the overall 
liquid water holding capacity of a well-aged snow cover. 

 𝑊𝑞𝑥 = 𝑷𝑳𝑾𝑯𝑪 ⋅ 𝑊𝑖 (13) 

where: Wqx = liquid water capacity (mm), 

PLWHC = percent liquid water holding capacity (decimal fraction), and 

Wi = water equivalent of the ice portion of the snow cover (mm). 

The heat deficit allows the model to reasonably represent the ripening process without having to make 
assumptions as to whether heat losses are refreezing liquid water or lowering the temperature of the snow 
cover or both. SNOW-17 goes through the accounting process for the heat deficit and liquid water storage 
for each precipitation data time interval. The sequence is as follows: 

 

1. The amount of liquid water available at the surface of the snow cover due to melt and rain is 
calculated and heat deficit is adjusted due to the temperature of the new snowfall and heat transfer 
caused by a temperature gradient in the upper layers of the snow cover: 

 𝑄𝑤 = 𝑀𝑟 + 𝑀𝑛𝑟 + 𝑃 ⋅ 𝑓𝑟 (14) 

 𝐷2 = 𝐷1 + Δ𝐷𝑝 + Δ𝐷𝑡 (15) 

where: Qw = liquid water available at the snow surface (mm), and  

D = heat deficit (mm) 
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ΔDp = change in the heat deficit due to snowfall (mm) (Section 2.3.1) 

ΔDt = change in heat deficit due to a temperature gradient (mm) (Section 2.3.3) 

2. If there is sufficient water available at the surface to overcome the heat deficit and exceed the 
liquid water storage capacity, the snow cover becomes ripe and the excess water will be available 
to move through the pack and become outflow. The amount of excess water in this case is defined 
by Eq. 16.  

 𝐸 = 𝑄𝑤 + 𝑊𝑞 −𝑊𝑞𝑥 − 𝐷 − (𝑷𝑳𝑾𝑯𝑪 ⋅ 𝐷) (16) 

where: E = excess liquid water (mm), and 

Wq = liquid water held by the snow (mm). 

 In addition, the amount of liquid water held by the snow, Wq, is equal to the liquid water storage 
capacity, Wqx; the amount of ice in the snow, Wi, is increased by the heat deficit, D, since that 
much water ‘refroze’ in order to raise the temperature of the pack to 0°C; and the heat deficit 
becomes zero. These changes are summarized by Eq. 17. 𝑄𝑓 is the amount of water that re-froze 
in this time interval.  

 

 

𝑊𝑞 = 𝑊𝑞𝑥 

𝑊𝑖 = 𝑊𝑖 + 𝐷 

𝑄𝑓 = 𝐷 

𝐷 = 0 

 

(17) 

3. If there is only sufficient water available at the surface to overcome the heat deficit, but not 
enough to fill the liquid water holding capacity of the snow cover, then the new amount of liquid 
water is computed by Eq. 18. 𝑄𝑤 is the amount of water available. The amount of ice in the snow, 
Wi, is again increased by the heat deficit, due to liquid water ‘refreezing’ in the pack, the heat 
deficit becomes zero and there is no excess water available. The snowpack is not yet ripe.   

 

𝑊𝑞 = 𝑊𝑞 + 𝑄𝑤 − 𝐷 

𝑊𝑖 = 𝑊𝑖 + 𝐷 

𝑄𝑓 = 𝐷 

𝐷 = 0 

 

(18) 

4. If there is not enough surface water to overcome the heat deficit, then the heat deficit, D, is 
reduced by the amount of available water, Qw; the amount of ice in the pack, Wi, is increased by 
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the amount of water that ‘refroze’, Qw; the amount of liquid water held in the pack, Wq, remains 
the same; and there is no excess water available. Again the snow cover is not yet ripe. 

 

𝑊𝑖 = 𝑊𝑖 + 𝑄𝑤 

𝑊𝑞 = 𝑊𝑞 

𝑄𝑓 = 𝑄𝑤 

𝐷 = 𝐷 − 𝑄𝑤 

(19) 

 

Note: In an actual snow cover, the ‘refreezing’ of liquid water doesn’t all occur during the same time 
interval as in the model. However, the net amount of surface water that refreezes within the actual snow 
cover during a ripening period is believed to be generally close to that computed by the model. 
Differences occur depending on initial snowpack conditions and how fast the ripening occurs. 

 

2.4.2 Snow Depth Calculation  

The model separates new snowfall from the snow that existed at the start of the computational interval. 
The change in density of existing snowfall is calculated using the analytical solution in Eqs. 20 to 22. 
They account for compaction, destructive metamorphism, and the component of melt metamorphism 
resulting from the presence of liquid water. Constructive metamorphism is not included since it only 
changes the density profile of a snow cover and SNOW-17 treats the entire snow cover as a single entity.  

 𝜌𝑥2 = 𝜌𝑥1 ⋅ �
𝑒𝐵⋅0.1⋅𝑊𝑖𝑥 − 1
𝐵 ⋅ 0.1 ⋅ 𝑊𝑖𝑥

� ⋅ 𝑒𝐴 (20) 

 𝐵 = 𝑐1 ⋅ Δ𝑡𝑡 ⋅ 𝑒0.08⋅𝑇𝑠−𝑐2⋅𝜌𝑥 (21) 

 𝐴 = 𝑐3 ⋅ 𝑐5 ⋅ Δ𝑡𝑡 ⋅ 𝑒𝑐4⋅𝑇𝑠−𝑐𝑥⋅𝛽⋅(𝜌𝑥−𝜌𝑑) (22) 

Where: 𝜌𝑥  = density of the ice portion of the existing snow cover (gm·cm-3), 

Ts = average snow cover temperature (°C) (assumed equal to snow surface temperature), 

β = 0.0 if ρx ≤ ρd and =1.0 if ρx > ρd, 

Wix = remaining ice portion of the snow cover that existed at the start of the period (mm), and 

c1, c2, c3, c4, c5, cx and ρd are constants defined in Anderson [1976]: 

c1 = fractional increase in density – 0.026 cm-1·hr-1 

c2 = constant estimated by Kojima [1967] – 21 cm3·gm-1 

c3 = fractional settling rate at 0°C for ρx<ρd – 0.005 hr-1 

c4 = constant – 0.10 °C-1 
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c5 = increase in fractional settling rate when liquid water exists 

= 0 when Wqt = 0.0, and 

= 2.0 when Wqt > 0.0. 

Wqt = total liquid water in snow (mm) - (see section on Transmission of Water through 
the Snow Cover) 

𝜌𝑑 = threshold density above which destructive metamorphism decreases – 0.20 gm·cm3 

cx = destructive metamorphism decay factor when ρx>ρd – 23. 

 

The depth of the snow that existed at the start of the computational time interval is computed using Eq. 
23.  

 𝐻𝑥 =
𝑊𝑖𝑥

𝜌𝑥
 (23) 

where: Hx = depth of the snow that existed at the start of a computational interval (mm). 

Wix is the original ice content of the snow pack  

𝜌𝑥 is the new density of the snow pack 

 

Next, the snow that was present at the start of the time interval is combined with any new snowfall during 
the period to get the average density of the total snowpack, as shown in Eq. 24.  

 𝜌1 =
𝑊𝑖

𝐻𝑥 +𝐻𝑛
 (24) 

The increase in density due to the component of melt metamorphism resulting from melt-freeze cycles is 
then computed based on the amount of surface melt or rain water that refroze within the snow cover using 
Eq. 25. (Water equivalent is increased in this case with no change in depth). 

 𝜌2 = 𝜌1 ⋅
𝑊𝑖

𝑊𝑖 − 𝑄𝑓
 (25) 

where: ρ = average density of the ice portion of the total snow cover (the maximum allowed value is 0.6 
since the maximum value of PLWHC is 0.4. Thus, the lesser either 𝜌2 and 0.6 is selected),  

Qf = total water that refroze within the snowpack over Δtt (mm). 
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In Eqns. 20 and 21, the temperature 𝑇𝑠 is calculated using the following equations: 26-30.  

 𝑇𝑥,𝑡+Δ𝑡𝑡 = 𝑇𝑥,𝑡 + Δ𝑇𝑎 ⋅
1.0 − 𝑒−𝛼⋅0.01⋅𝐻𝑥

𝛼 ⋅ 0.01 ⋅ 𝐻𝑥
 (26) 

where: ΔTa = Ta,t-Ta,t-Δt 

if Ta,t-Δt > 0 and Ta,t > 0; ΔTa =abs(ΔTa) 

if Ta,t-Δt > 0 and Ta,t < 0; ΔTa = Ta 

 𝛼 = �
𝜋 ⋅ 𝑐

𝜆 ⋅ 2 ⋅ 3600 ⋅ Δ𝑡𝑡
 (27) 

where: λ = thermal conductivity of snow (watts·m-1·°C-1) estimated from Djachkova’s formula 

c = effective specific volumetric heat capacity of snow (watts·sec·m-3·°C-1) 

 𝑐 = 𝑐𝑐 ⋅ 𝜌𝑥 + 𝑐𝑎 ⋅ �1.0 − 𝜌𝑥 − 𝜃𝑞�+ 𝑐𝑞 ⋅ 𝜃𝑞 (28) 

where: cc = volumetric heat capacity of ice (2.1·106), 

ca = volumetric heat capacity of air (1.0·103), 

cq = volumetric heat capacity of water (4.2·106), and 

θq = fraction of liquid water in snow – Wqt/(Wi+Wqt) 

Tx = average temperature of the existing snow cover (°C). 

 

When there is new snowfall during the computaitonal period, Eq. 26 is modified to Eq. 29 to take into 
account the insulating effect of the new snow.  

 𝑇𝑥,𝑡+Δ𝑡 = 𝑇𝑥,𝑡 + Δ𝑇𝑎 ⋅ �
𝑒−𝛼⋅0.01⋅𝐻𝑛 − 𝑒−𝛼⋅0.01⋅𝐻𝑥

𝛼 ⋅ 0.01 ⋅ (𝐻𝑥 − 𝐻𝑛) � (29) 

 

The weighted average snow cover temperature is then computed using Eq. 30.  

 𝑇𝑠 =
(𝑇𝑥 ⋅ 𝐻𝑥) + (𝑇𝑛 ⋅ 𝐻𝑛)

𝐻𝑥 + 𝐻𝑛
 (30) 
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Originally, the SnowDepth software implemented the snow depth densification by interpolating data 
points experimentally found between Snow Depth and SWE. Figure 4 shows the results. Both methods 
show similar level of accuracy but the equations defined in this section were chosen ultimately for the 
SnowDepth software as they follow the trend more accurately.  

 

Figure 4 - Comparison between interpolation method and equations 
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3 SnowDepth Calibration 

Bounded constrained multivariable optimization, using fminsearchcon, is applied to calibrate the model 
[3]. It adapts the MATLAB fminsearch function which is a nonlinear programming solver to allow for 
bounds [4].  

3.1 Summary of Parameters 
This section provides expected values for each input parameter [5] [6].  

3.1.1 Major Snow Parameters:  

Parameters Expected Value Comments 

PXTEMP 

 

Recommended 0.5-2 

1 Degree Adequate 

3-5 for Mountainous Regions  

Currently set from 0.5-2 

Currently this parameter decides whether it’s 
100% snow or 100% rain.  

 

SCF 

1.1-1.2 Reasonable 

1.3-1.6 For locations with poor gauge 
exposure 

1.0 or a bit less for good exposure and 
significant sublimation losses  

Currently set to 0.95-1.6 

 

Did not vary significantly when optimizing 
for different years on the same location.  

MFMIN 

Dense conifer forest or 
persistent cloud cover 0.2-0.4 

Currently set between 0.1-0.6 

Use Table to Left to check if values are 
reasonable 

Mixed cover - conifer, 
deciduous, open 0.1-0.3 

Mostly deciduous 0.2-0.6 

Mostly Open: flat terrain 0.2-0.6 

Mostly Open: mountainous 
terrain 0.1-0.3 

MFMAX 

Dense conifer forest or 
persistent cloud cover 0.5-0.7 

Currently set 0.5-1.5 

Use Table to Left to check if values are 
reasonable 

Mixed cover - conifer, 
deciduous, open 0.8-1.2 

Mostly deciduous 1.0-1.4 

Mostly Open: flat terrain 1.5-2.2 

Mostly Open: mountainous 
terrain 0.9-1.3 
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UADJ 

Usually between 0.05 (2.5 mi/hr wind speed) 
to 0.20 (10 mi/hr wind speed). 

 

Can be estimated using:  

 

UADJ = 0.002 ⋅ u1 

(7-4-1) 

where: u1 = 6 hr. wind travel in km at a 1 
meter height above the snow surface. 

 

Currently set to 0.05-0.2 

Output is not very sensitive  
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3.1.2 Minor Snow Parameters 

Parameters Expected Value Comments 

TIPM 

Recommended:  
 
0.05 for regions with deep snow cover   (> 3ft for most years) 
 
0.20 for regions with shallow snow cover 
(< 1ft ) 
 
Intermediate values in between 
 

Currently set 
from 0.05-0.20 

NMF 

Reasonable value:  0.15 mm/°C/6 hr 
(based on maximum snow density of 0. 
3 for shallow snow cover and 0.5 for a deep pack.) 
 
If maximum density is less than suggested values, decrease NMF 
 
If maximum density is greater than suggested values, increase NMF 
 
Reasonable range: 0.05-0.3 

Currently set 
from 0.05-0.3 

MBASE 

Regions with a variety of vegetation cover, slopes, and aspects, the 
value of MBASE is almost always 0°C. 
 
If non-zero value is required for a good fit, it indicates bias errors in 
average temperature date  
 
Case for larger than 0 MBASE:  
1. high elevation, open areas with generally clear skies and 
relatively low humidity during the melt season. 
2. open, high elevation point location such as a snow course site 
3. when modeling other point locations due to site specific factors 
that control the relationship between measured air temperature and 
melt amounts 
 

Should set to 0 
or let user 
choose.  

 

Currently set 
from 0-1 
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PLWHC 

According to studies, should be within 0.02-0.05 
 
Lowest values for deep snow covers 
 
To account for the slush layer in areas with shallow snow covers, 
especially in the plains and open agricultural areas of the Midwest, a 
range of 0.1 to 0.3 is common. 
 

Set between 
0.02-0.05 

DAYGM 

DAYGM = 0.0 for areas with generally frozen soils under the snow, 
and 
 
DAYGM = 0.3 for areas with intermittent snow cover or with fairly 
temperate climates, such as the Sierra Nevada mountains in 
California, during the winter. 
 
Other areas will have values in between  

Not Required 
for SnowDepth 
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4 Validation  

SnowDepth was validated for multiple locations over multiple years of data sourced from the United 
States Department of Agriculture [7] [8]. In this section, the results for a multiple year comparison for the 
Lone Mountain location is provided.  

The model parameters were initially optimised for the 2010-2011 data. Two separate least-square 
optimizations were conducted: one to minimize the error between modelled and measured SWE; and the 
other to minimize error between measured and modelled Snow Depth. 

2010-2011 Data Plots Optimized for SWE 

  

2010-2011 Data Plots Optimized for Snow Depth 

  

 Parameters optimized for SWE Parameters optimized for Snow Depth 
PXTEMP 1.6615 0.5739 

SCF 1.3082 1.3941 
UADJ 0.1891 0.1908 
NMF 0.0843 0.2288 

MFMIN 0.2794 0.1780 
MFMAX 1.3033 1.4694 
MBASE 0.9902 0.0004 

TIPM 0.0959 0.1041 
PLWHC 0.0491 0.0398 
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The major differences in parameters are highlighted. The optimized parameters calculated using the 2010-
2011 data were used to predict snow melt for the 2011-2015 water cycle years for Lone Mountain. The 
results are below:  

2011-2012 Data Plots for 2010-2011 SWE Optimized Parameters 

  

2011-2012 Data Plots for 2010-2011 Snow Depth Optimized Parameters
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2012-2013 Data Plots for 2010-2011 SWE Optimized Parameters 

  

2012-2013 Data Plots for 2010-2011 Snow Depth Optimized Parameters
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2013-2014 Data Plots for 2010-2011 SWE Optimized Parameters 

  

2013-2014 Data Plots for 2010-2011 Snow Depth Optimized Parameters
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2014-2015 Data Plots for 2010-2011 SWE Optimized Parameters 

  

2014-2015 Data Plots for 2010-2011 Snow Depth Optimized Parameters
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4.1 Discussion 
The model predictions worsen when you use the optimized parameters with later years. That is, the SWE 
prediction for 2014-2015 was the worst. However, the predictions for 2011-2012 and 2012-2013 were 
relatively accurate. In addition, the predictions tend to be slightly more accurate when optimizing for 
SWE as compared to Snow Depth. If optimized for the year 2013-2014, the following results are 
retrieved.  

2013-2014 Data Plots Optimized for SWE 

  

2013-2014 Data Plots Optimized for Snow Depth 
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Comparison of SWE Optimized Parameters for 2010-2011 vs. 2013-2014 Data 

 Parameters optimized for SWE 
For 2013-2014 

Parameters optimized for SWE 
For 2010-2011 

PXTEMP 1.6171 1.6615 
SCF 1.2354 1.3082 

UADJ 0.0885 0.1891 
NMF 0.1135 0.0843 

MFMIN 0.1000 0.2794 
MFMAX 0.8877 1.3033 
MBASE 0.9999 0.9902 

TIPM 0.1225 0.0959 
PLWHC 0.0500 0.0491 

Major Parameter changes highlighted.  

MFMIN and MFMAX are within reason for a Mixed-cover conifer, deciduous, open location; though are 
probably the factors that mainly affecting the model in this case.  

 

Comparison of Snow DepthOptimized Parameters for 2010-2011 vs. 2013-2014 Data 

 Parameters optimized for 
Snow Depth for 2013-2014 

Parameters optimized for 
Snow Depth for 2010-2011 

PXTEMP 1.1103 0.5739 
SCF 1.4179 1.3941 

UADJ 0.1438 0.1908 
NMF 0.2095 0.2288 

MFMIN 0.1037 0.1780 
MFMAX 1.1543 1.4694 
MBASE 0.1542 0.0004 

TIPM 0.1152 0.1041 
PLWHC 0.0299 0.0398 

The major changes are similar to the SWE optimization apart from PXTEMP. This might be because the 
snow compaction routine is highly dependent on the ice content of the snow Wi which in turn depends on 
PXTEMP, the parameter which determines if snow or rain has fallen. Predictions might be improved if it 
is set to a constant and the user can alter whether rain or snow has fallen for specific events (not 
implemented in SnowDepth).  
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If the new parameters are used to calculate 2013-2014 data, the predictions are significantly improved as 
shown below. The optimization using SWE usually gives relatively accurate SWE and Snow Depth 
predictions. With Snow Depth optimizations the prediction for SWE suffers which worsens the snow 
depth predictions. 

Overall, it is concluded that minimizing the error for SWE is more robust in comparison to Snow Depth; 
as a result, SWE is used for the optimization in the SnowDepth software. In addition, accurate predictions 
are only possible for subsequent years; that is, if a prediction is required for the 2015-2016 hydrological 
year, data from the 2014-2015 should be used to calibrate the model parameters ideally. Prior years can 
be used but might be less accurate.  

2014-2015 Data Plots for 2013-2014 SWE Optimized Parameters

2014-2015 Data Plots for 2013-2014 Snow Depth Optimized Parameters
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