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Research	  Problem/Background	  	  
	  

In anticipation of warmer temperatures, receding snowlines, and increasing water 
demands, it will be important for water managers to understand how changes in 
snowpack depth and distribution will affect available runoff.  Mountain snowpacks make 
up the largest component of runoff in mountain regions generating water supply for a 
host of downstream uses such as municipalities, agriculture, terrestrial and aquatic 
ecosystems, and recreation.  As climate warming persists, mountainous areas with 
traditionally deeper snowpacks will shift towards a shallower, more transitional regime. 
Transitional lower elevation snowpacks will begin to experience an increasing number of 
melt-off and ripening periods throughout the course of a winter.  Therefore, it is vitally 
important to understand how changes in mountain snowpack processes and distributions 
could impact the aforementioned communities. 



To better predict changes in water resources, it is necessary to gain a more 
detailed knowledge of the snowmelt energy balance of shallow snow as well as 
quantification of lower elevation snowline energy fluxes.  Snowmelt is driven primarily 
by energy exchanges at the snow/atmosphere interface, however, the role of energy 
fluxes at the ground/snow interface in shallow transitional snowpack regions such as New 
Mexico can be more significant.  It is assumed the ground heat flux to the base of the 
snowpack generally represents a very minor energy source for melt (DeWalle, 2008).   

Temperatures in soils are often fairly low due to the lack of solar warming 
beneath deep snowpacks.  In regions with deep seasonal snowpacks, heat conducted from 
the soil can contribute to gradual ripening and slow melting of basal snow layers, 
however this process usually decreases into spring when the snowpack is shallow 
(DeWalle, 2008).  When snowpack depth decreases to about 20 to 25cm then 
transmission of shortwave radiation to the ground has a larger impact on ground heat 
conduction.   

Ground heat flux is largely ignored in the modeling of snowmelt processes, 
particularly among spatially explicit models (Lamontagne, 2009).  There are generally 
simplifications in many of the snowmelt models for ground heat flux because high energy 
sources like solar radiation, longwave radiation and turbulent heat fluxes are far more 
dominant on the snowpack (Smith et al., 2008).  In locations with cold soils, and thin or 
transient snowpacks, the ground heat is small due to the lack of opportunities for ground 
heat to generate snowmelt.  In temperate regions where soils freeze irregularly or for 
limited durations and where deep insulating snowpacks persist, substantial ground heat 
flux generated snowmelt may occur and may result in substantial snowpack loss over a 
winter period (Smith et al., 2008).  Furthermore, Hawkins et.al (2007) in Arizona found 
that the ground heat flux was more significant in an arid mountain location when 
compared to previous studies in other climate regions. 
 Using the Snow Cover Energy and Mass Balance Simulation Model (SNOBAL), this 
research will quantify the ground heat flux and evaluate its importance in snowpack 
ablation in a semi-arid climate compared to typical model assumptions. This will be 
accomplished by comparing SNOBAL model output with the ground heat flux 
calculations.  The SNOBAL model outputs that will be generated from recorded 
meteorological data relating to energy and mass flux are average net radiation, sensible 
and latent heat fluxes, soil/snow heat exchange, total evaporation, total snowmelt, total 
runoff, and snow cover cold content.  The SNOBAL model output for snow conditions 
that will be generated include snow cover thickness, average snow density, mass of snow 
cover, snow water equivalent, temperature of surface snow layer and temperature of 
lower snow layer. 
 
Research	  objectives:  

• Quantify the snowpack energy balance in a semi-arid mountain climate with 
shallow snowpacks 

• Qunatify the contributions of the ground heat flux on snowmelt generation 
• Determine if near surface ground temperatures can be used as an indicator of 

snowpack ripening and day of melt 
	  

	  



	  
Methods	  
	  

The Valles Caldera National Preserve (VCNP) is 30km southwest of Los Alamos, 
NM in the Jemez Mountains situated in north central New Mexico.  The landscape is 
unique in that a series of volcanic eruptions left behind volcanic cones and domes and a 
large crater shaped landscape in the center.  The study site is located in the Alamo Creek 
Watershed on the west side of the Preserve.  
	  

	  
Figure	  1	  Alamo	  Creek	  Watershed	  
Instrumentation  

Two Cabell Scientific weather stations were deployed within the Alamo Creek 
Watershed equipped to measure precipitation, temperature, barometric pressure, net 
radiation, wind speed and direction, below ground moisture and temperature, and 
snow height.    Measurements were taken every 15 minutes and stored by a data 
logger.  The weather stations were up and running by mid December 2015.  The 
locations for the two weather stations were chosen to capture climatic conditions on 
top and on the bottom of the watershed with a high north facing location of 9,800ft 
and a slightly south facing aspect in the valley bottom at 8,600ft.	  



	  
Figure	  2	  Upper	  Alamo	  Weather	  Station	  9800ft	  

Ground Temperature Data Loggers 
Five footprints consisting of four HOBO temperature sensors were deployed 

throughout the watershed to capture near surface ground temperatures in order to infer 
snowpack ripening, ground heat flux, snow onset, and day of snow disappearance.  All 
footprints are represented by variations in burial depths for each sensor ranging from 2cm 
to 10cm.  The spacing between sensors was 10m placed vertically across gradients.   

Three footprints were deployed on the north facing aspects spanning the 
horizontal and vertical distance of the Alamo Creek Watershed.  Two footprints were 
deployed on south facing aspects at 8600ft in elevations.  Each location was chosen to 
minimize the effects of wind redistribution of snow in order to reduce the number of 
sensors needed.  
Snow Profiles 

Two snow study plots were established on a north and south facing aspect near 
the weather stations in order to best correlate weather and snowpack conditions.  Study 
plots are used to observe and record parameters for long-term records (Greene et al., 
2010). These sites were chosen to minimize contamination of the observations by 
external forces such as wind, solar radiation, slope angle, and human activity.   

Snow profiles were conducted monthly on each aspect to track changes in 
snowpack conditions.  Profiles were excavated to the ground and each subsequent pit was 
dug at least one meter away from the previous pit.  The data that was collected during 
snow profile sampling were the height of snow (HS), snowpack temperatures at 10cm 



vertical increments, layer boundaries, layer densities, layer grain form, and layer grain 
size.  Snow profile methods were followed by the guidelines established in the Snow, 
Weather, and Avalanche Observation Guidelines (SWAG) (Green et al., 2010).	    
	  

	  
Figure	  3	  Conducting	  Snow	  Profile	  

Snow	  Course	  Surveys	  
	   Snow surveys are conducted in order to obtain information about water supply, 
aid in forecasting flood and droughts, and other water resource studies.  The data 
collected from snow surveys provides regional information of water resources for power 
generation, irrigation, industry, fisheries and wildlife, and recreation (Ministry of 
Environment, 1981). 
 Five snow course survey sites were established throughout the Alamo Creek 
Watershed in order to characterize the snowpack depth and SWE at different elevations, 
aspects, and vegetation types throughout the accumulation and ablation season.  The Mid 
North snow course was set up on a north aspect at 9400ft.  The Meadow snow course was 
setup in a meadow at 9200ft to capture the SWE in an open area.  The Low North snow 
course was setup at 8500ft in the valley bottom spanning open and forested terrain.  The 
Upper North site was setup at the upper weather station at 9800ft and consisted of open 
terrain.  The Low South snow course was setup at the low weather station at 8600ft on a 
south facing aspect with open terrain.  Each snow course survey was 100m long with 
samples taken every meter measuring depth, density, and SWE.  Measurements were 
taken with a Mt. Rose Federal Snow Sampler.        
 
SNOBAL	  Model	  
The snow cover energy and mass balance model (SNOBAL) represents the physics of the 
snow cover energy balance and snowmelt, and has been shown to accurately represent 



both the development and ablation of the snow cover during a wide range of climate 
characteristics, snow cover conditions, and geographic locations (Marks et al., 1998 

 The SNOBAL model is initiated by using measurements of snow depth, density, 
temperature and SWE.  Following these initial inputs are independent inputs consisting of 
net solar radiation, precipitation mass, temperature, and estimated density in order to 
calculate the energy, mass balance, and runoff from the snow cover (Marks et al., 1998).  
The model generates predictions for snowmelt in two snow cover layers, runoff from the 
base of the snowpack, and adjusts the snow cover mass, thickness, and thermal 
properties.  Lastly, SNOBAL calculates the snowpack height at each time step.	  	  	  
	  
Results 
  
Snow Course Measurements 

Measuring snow depth in five locations throughout the Alamo Creek Watershed 
allowed the inspection of snow depth distribution throughout the course of the winter.  
Figure 4 shows each snow course site illustrating the depth differences between each site 
as well as the duration of snow cover throughout the season. Measurement number one 
was taken on 1/03/16 and the last measurement of 257 was taken on 3/17/2016. 

	  
Figure	  4	  Seasonal	  Depth	  Measurements 

The Upper North snow course accumulated the most amount of snow and took the 
longest to melt out.  Higher accumulation was expected due to effects of orographics in 
mountain terrain.  The meadow site, although lower than the Mid North site accumulated 
more snow due to the lack of canopy cover intercepting snowfall.  The Low South snow 
course accumulated the least amount of snow and melted out the fastest.  Figure 5 shows 



the average snow depth per snow course location and the date in which measurements 
were taken.  

	  
Figure	  5	  Snow	  Depth	  per	  Snow	  Course	  Location	  

The variability in snow distribution was apparent through measurements of snow 
depth throughout the season.  Figure 6 shows the variability in distribution per snow 
course site.  The Low South and the Meadow sites were located in open areas without 
forest canopies.  This allowed for more uniform accumulation and less variability in 
depth distribution at these sites.  The two sites that showed the highest variability in snow 
depth distribution were the Low North and the Mid North snow course sites.  These two 
sites went through mixed forest terrain where tree densities varied over space.  The 
variability resulted from areas where there were pockets of open terrain through the forest 
canopy.  The forest canopy limited through fall, resulting in shallower snowpacks in 
these areas and deeper snowpacks in pockets of open terrain.  This observation is 
important if considering how changes to forest canopy structure can alter snow 
accumulation.  
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Figure	  6	  Snow	  Course	  Depth	  Distribution	  

Snow Water Equivalent (Figure 7) was greatest at the Upper North site due to the 
largest amount of snow accumulation.  The Low South site had the lowest amount of 
SWE as a result of the lowest snow accumulation out of all sites.  The Meadow snow 
course generally had the lowest density of sites given the lack of canopy cover.  The lack 
of canopy cover allows for longwave radiative heat loss.  This provides conditions 
suitable for latent heat of sublimation resulting in water vapor loss and a small reduction 
in SWE from this site.   
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Figure	  7	  	  Snow	  Water	  Equivalent	  per	  Snow	  Course	  Site	  

Ground Temperature Measurements 
Ground temperature sensor data was plotted to inspect trends and variability.  

Figure 8 shows the Low Weather Station footprint with four temperatures plotted through 
the winter season.  It is apparent when an insulating snow cover was established due to 
the lack of diurnal temperature fluctuations noted by the flattening lines in the middle of 
the time series.  The maximum snowpack depth at the lower weather station reached 
about 50cm.  This depth of snow was enough to insulate ground temperatures from 
diurnal temperature fluctuations.   

In Figure 8, this footprint shows an early season snow event in late November as 
indicated by the dampening of diurnal temperature fluctuations by all temperature 
sensors.  The return of diurnal temperature fluctuations through late November and mid 
December show that there was no snow present. In mid December a seasonal snowpack 
was established which is indicated by the flattening of the temperature profiles.  On 
March 1, the return of these temperature fluctuations indicated the melt of snow from the 
surface.  
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Figure	  8	  Ground	  Temperatures	  at	  Low	  Weather	  Station	  Footprint	  

Figure 9 zooms into the period of the snow covered season at the lower weather 
station.  The ground temperatures were warmer than expected, remaining above 0°C.  
Temperatures deeper underground remained warmer throughout the course of the snow 
covered season as indicated in Figure 9.  The temperature sensor at 10cm was warmer 
than the temperature sensor buried 2cm under the ground surface.   
 
	   	  
 
	  
	  



	  
Figure	  9	  Snow	  Covered	  Ground	  Temperatures	  at	  Low	  Weather	  Station	  

	  

	  
Figure	  10	  Snow	  Covered	  Ground	  Temperatures	  at	  Upper	  Weather	  Station	  

	  
	   The flattening of the temperature profiles in Figure 9 and 10 indicate the period 
with a persistent insulating snowpack on the ground.  In Figure 10 at the 2cm depth there 



is a dip in the temperature profile in mid December.  This likely occurred due to a 
shallow non insulating snowpack.  The air temperatures were colder at this higher 
elevation site and resulted in colder ground temperatures.  In Figure 9 both temperature 
profiles at 2cm and 10cm start colder and gradually increase in temperature and then 
level off.  This gradual increase in temperature results from the insulating characteristics 
of the snowpack above, gradually warming the ground below by slowing down radiative 
heat loss.  Towards the end of the snow covered season the temperature profile begins to 
decline back towards zero.  This decline in temperature is a result of snowpack ripening 
when cold melt water hits the ground surface and the snow depth decreasing.    
 On 2/12/16 percolation columns were noted in the top 20cm in a snow profile at 
the lower weather station.  This was the onset of snowpack ripening indicated by the 
snow profile in Figure 11.  The upper layer in the snow profile (40cm-43cm) consisted of 
wet snow grains that had gone through multiple melt freeze cycles.  The under lying layer 
(43cm-28cm) was frozen at the time of inspection, but also consisted of melt freeze 
grains which meant that melt/freeze cycles were occurring.  Under closer inspection, 
there were also percolation columns in the upper 20cm of the snowpack indicating that 
melt near the surface was moving downward through the snowpack.  

The next visit to the site was on 2/19/16 and a fully isothermal snowpack had 
developed which is a condition that needs to be met in order for melt water to be 
generated at the base of the snowpack.  Ground temperature data in Figure 9 reflect the 
ripening process as the temperatures begin to decline.  Inspection of collected soil 
moisture data showed an increase in moisture content during the onset of the isothermal 
conditions.  On 2/21/16 ground temperature sensors showed an expected lag in response 
to increased soil moisture.  The temperatures began to decrease and approach 0°C as the 
snowmelt percolation cooled the warm insulated soils.  This trend continued until the 
snow was completely melted around 2/28/16. 
 



	  
Figure	  11.	  Snow	  Profile	  Lower	  Alamo	  Creek 

 
Ground Heat Flux 
 The ground heat flux, or the amount of heat flowing upwards from the interior of 
the earth and into the base of the snowpack was calculated using measurements from 
buried ground temperature sensors.  The amount of energy received at the base of the 
snowpack is dependent on the thermal conductivity of the underlying soils and can be 
calculated with the one-dimensional steady state heat flow in a homogenous layer using 
the following equation: 
 
 

(1)   𝐺 = 𝑘   !"
!"

 
 
where: 
 
G = Soil heat conduction, W 𝑚!! 
k = thermal conductivity of soils, W 𝑚!!  𝐾!! 
z = soil depth, m 
T = temperature °𝐾 
 
 In order to calculate the ground heat flux, soil thermal conductivity needs to be 
determined.  The method chosen to calculate the thermal conductivity of soils was with 
Kersten’s method (Farouki, 1981).  Kersten’s method gives the thermal conductivity in 



terms of its moisture content and its dry bulk density as soil conductivity can change with 
moisture content.  The equation for unfrozen, fine soils was chosen based on the soil 
characteristics that exist in the Alamo Creek Watershed.  Below is the empirical equation 
used to calculate the thermal conductivity of unfrozen soils: 
 

(2)  𝐾!   =   0.1442 . 9  𝐿𝑜𝑔 𝑤 − .2 10.!"#$!"    
 
where: 
 
𝐾! = thermal conductivity of soils, W 𝑚!!  𝐾!! 
w = moisture content of soil % 
𝛾𝑑 = dry density of soils g 𝑐𝑚!! 
 
 The value obtained from Kersten’s Method was then used to calculate the 
Effective Thermal Conductivity (𝐾!").  The thermal conductivity of soils is corrected 
because the air fraction of the snowpack is always at saturation, and the air fraction of 
soil is usually near saturation (Marks et al., 1992).  Therefore, vapor diffusion is 
estimated as a function of snow temperature, soil temperature and air pressure.  Applying 
these adjustments results in the following equation: 
 
  

(3)    𝐾!" = 𝐾! + (𝐿!𝐷!𝑞!) 
where: 
 
𝐾!" = adjusted thermal conductivity of soils, W 𝑚!!  𝐾!! 
𝐾! = thermal conductivity of soils, W 𝑚!!  𝐾!! 
𝐿! = 𝑙𝑎𝑡𝑒𝑛𝑡  ℎ𝑒𝑎𝑡  𝑜𝑓  𝑓𝑢𝑠𝑖𝑜𝑛  (2.834  𝑥  10!,𝑚!  𝑠!!) 
𝐷! = diffusion coefficient (1.37 x 10!!,  𝑚!  𝑠!!) 
𝑞!  = specific humidity   (4.847 x 10!!)    
 
To obtain the diffusion coefficient in equation 3, equation 4 was used 
 

(4)    𝐷! = 𝐷 !!
!!
   !!!
!!"#$

!"
 

where: 
 
𝐷! = 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
D = diffusion coefficient for vapor in soil at sea level  (10!!,𝑚!  𝑠!!) 
𝑃! = sea level pressure 101 KPa 
𝑃! = pressure at study site 73.59 KPa 
𝑇!! = temperature snow ground interface, K 
𝑇!"#$= melt temperature, K 
nt = temperature exponent 
 



The next calculation needed in order to calculate the ground heat flux was the 
effective thermal conductivity of snow (𝐾!").  The thermal conductivity (𝐾!) of snow is a 
function of density.  Snow densities of each snowpack layer were measured monthly 
during snow profile measurements.  Measured density values ranged from .22-
.35  𝑔  𝑐𝑚!!.  The equation used to calculate the thermal conductivity of the snow layer 
above the ground was developed by Sturm et al., 1997 and is as follow: 

 
 (5)    𝐾! = 1.38− 1.01𝜌 + 3.233𝜌! 

where: 
 
𝐾! = 𝑠𝑛𝑜𝑤  𝑡ℎ𝑒𝑟𝑚𝑎𝑙  𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑡𝑦,𝑊  𝑚!!  𝐾!!   
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  𝑜𝑓  𝑙𝑜𝑤𝑒𝑟  𝑠𝑛𝑜𝑤  𝑙𝑎𝑦𝑒𝑟,𝑔  𝑐𝑚!! 
 
 Similar to the adjustments made for the effective soil thermal conductivity, there 
were physically based adjustments made to calculate effective thermal conductivity with 
the following equation 
 

(6)    𝐾!" = 𝐾! + (𝐿!𝐷!𝑞!) 
 

where:  
 
𝐾!" = adjusted thermal conductivity of snow, W 𝑚!!  𝐾!! 
𝐾! = snow thermal conductivity, W 𝑚!!  𝐾!! 
𝐿! = 𝑙𝑎𝑡𝑒𝑛𝑡  ℎ𝑒𝑎𝑡  𝑜𝑓  𝑓𝑢𝑠𝑖𝑜𝑛  (2.834  𝑥  10!,𝑚!  𝑠!!) 
𝐷! = diffusion coefficient (1.37 x 10!!,  𝑚!  𝑠!!) 
𝑞!  = specific humidity   (4.847 x 10!!)   
 
 Soil and snow temperatures near their interface are typically very similar, 
therefore the calculation of heat transfer between them is based on the assumption that 
the two represent a homogenous layer in contact with each other (Marks et al., 1992).   
The final equation for the ground heat flux (G) then becomes: 
 

(7)  

𝐺 =   
2𝐾!"𝐾!"(𝑇! − 𝑇!!")
𝐾!"𝑧!!" +   𝐾!"𝑧!

   

where: 
 
G = ground heat flux, W 𝑚!!  
𝐾!" = adjusted thermal conductivity of snow, W 𝑚!!  𝐾!! 
𝐾!" = adjusted thermal conductivity of soils, W 𝑚!!  𝐾!! 
𝑇! = soil temperature at depth 𝑧!, °𝐾 
𝑇!!" = temperature at 10cm in the snowpack 𝑧!", °𝐾 
𝑧!!" = 10cm in snowpack measured up from the ground 
𝑧! = temperature measurement depth under ground 
 



 
 
 

Equation 7 was also compared to values produced by equation 8.  The main 
difference in equations is that equation 7 accounts for the snow characteristics and 
equation 8 calculates G values based solely on soil conditions.  The equation used to 
calculate the ground heat flux is below: 
 
 (8) 

𝑄! = 𝐾!   
𝑇!!𝑇!"
𝑧! − 𝑧!

 

where:  
 
𝑄! = Soil heat conduction, W 𝑚!! 
𝐾! = thermal conductivity of soils, W 𝑚!!  𝐾!! 
z = soil depth, m 
𝑇! = soil temperature at depth 𝑧!, °𝐾 
𝑇!" = temperature at the base of the snowpack 𝑧!, °𝐾 
 

The changes in temperatures through vertical distance indicated in Figures 9 and 
10 were used to calculate the ground heat flux.  Soils data was obtained through the 
Natural Resources Conservation Service (NRCS) STATSGO2 database.  The ground heat 
fluxes were calculated at each weather station site for specific dates where ground 
temperatures and the temperature at the base of the snowpack were recorded during snow 
profile data collection.   

At the lower weather station where soils consisted of Cosey-Jarmillo (fine silty 
soil) and the upper weather station where the soils were Calaveras Rubble (sand/silt), the 
ground heat flux was calculated.  First 𝐾! was calculated at the lower and upper weather 
stations using a dry bulk density of 1.36 g 𝑐𝑚!! and 1.48 g 𝑐𝑚!! respectively derived 
from NRCS data and moisture content percent, which was measured by weather station 
instrumentation.  The density was held constant throughout the calculation period, 
however the moisture content was adjusted based on measured data.   

Table 1 shows the measured and derived values that were used to calculate G with 
equation 8.  At the Upper Weather Station the moisture content was constant because no 
melt had occurred at this location on these dates.  The value used for the upper weather 
station for moisture content was 18% based on STATSGO2 soils data.  The factors that 
impacted the amount of G into the snowpack were changes in the ground temperature and 
the temperatures at the base of the snowpack.  The ground temperature changes and 
temperature at the base of the snowpack were likely changing as a result of the snowpack 
depth decreasing and moisture from the snowpack penetrating the ground surface.  

 
 
 
 
 
 



 
 
 
 
 

Date	  
Avg	  

Moisture	  %	   G	  (W/m2)	   kg	   Tg	  (K)	  
Tsbase	  
(K)	  

z2	  
(m)	  

z1	  
(m)	  

Upper	  Weather	  
Station	  

	   	   	   	   	   	   	  1/15/16	   18	   13.757	   1.142	   273.391	   273.15	   0.02	   0	  
2/12/16	   18	   48.121	   1.142	   273.493	   272.65	   0.02	   0	  
3/17/16	   18	   41.785	   1.142	   273.382	   272.65	   0.02	   0	  

Lower	  Weather	  
Station	  

	   	   	   	   	   	   	  1/3/16	   36.7	   43.751	   1.231	   273.861	   273.15	   0.02	   0	  
1/15/16	   36.7	   72.242	   1.231	   273.824	   272.65	   0.02	   0	  
2/12/16	   40.5	   35.748	   1.270	   273.713	   273.15	   0.02	   0	  

Table	  1.	  Ground	  Heat	  Flux	  Calculations	  based	  on	  measured	  and	  derived	  inputs	  using	  equation	  8	  

On all dates and locations, the ground/snow interface temperatures were below 
0°𝐶.  Typically the ground/snow interface temperature is assumed 0°𝐶 for modeling the 
snowpack energy balance.  The ground temperatures below the ground were above 0°𝐶 
throughout the course of the winter once a seasonal snowpack was present even at the 
most shallowly buried temperature sensors.  Furthermore, measured soil/snow interface 
temperatures throughout the winter season were generally below 0℃.     

At the Upper Weather Station G was lowest on 1/3/16, likely as a result of 
snowpack depth and a shorter duration of snow cover compared to measurements 
thereafter.  The ground was still cooler than under mid season conditions.  When the 
ground temperature is cooler the G value will be less.  

The G value was highest during the mid winter on 2/12/16 when the snowpack 
was deepest at the upper weather station allowing for gradual warming of the ground 
temperatures, which ultimately increased the G value.  On 3/17/16 the snowpack started 
to show signs of melting near the snow surface, however not at the bottom of the 
snowpack.  The ground temperature began to cool slightly compared to the previous 
measurements.  This could be a result of the decreasing snowpack height.  As the 
temperature of the ground started to cool, the G value also decreased.   

The lower weather station site showed similar trends to the upper weather station 
values.  On 1/15/16 the snowpack at the lower weather station was at its maximum at 
50cm.  This allowed for the largest amount of insulation to the ground temperature 
sensors from the snowpack.  The temperatures underground were able to warm, resulting 
in an increased G value.   

The G value showed a decrease on 2/12/16 because the 𝐾! value was altered as a 
result of snowmelt reaching the ground surface, ultimately changing the temperature 
within the ground and at the ground/snow interface.   



Given the decreasing trend at both weather stations of the below ground 
temperatures combined with increasing soil moisture as snowmelt increases, the highest 
amount of energy received into the base of the snowpack was during mid season when 
ground temperatures were warmest.  The below ground temperatures at both weather 
station footprints showed a fairly constant temperature throughout the snow covered 
season.  The decrease in ground temperatures during the ripening process will only 
decrease the temperature gradient between the ground and snow, as a result, decrease the 
G value incident to the base of the snowpack.  

A limitation of equation 8, which was used for the previously discussed G values 
is that the soil temperature measurement depth will effect the calculation of the ground 
heat flux because the temperature gradient will decrease as space in increased.  
Depending on which sensor depth was used, the G flux changes.  The temperature 
differences between sensors buried 10cm to 2cm was generally as small as .5°𝐾.  
However, changing the depth during calculations with equation 8, the G component 
would increase when using temperatures closer to the soil/snow interface.  Table 2 shows 
the variance of the G value compared to the depth of the temperature measurement. The 
closer the ground temperature measurement is the soil/snow interface, the more 
accurately the G flux to the base of the snowpack is captured (Lamontagne, 2009).  To 
minimize this effect of the G flux variance, equation 7 was used to compare these 
calculations.   
	  

Date	   Location	  
	  	  
Moisture	  %	   Tg	  (K)	   Tsbase	  (K)	   z2	  (m)	   G	  (W/m2)	  

1/3/16	   Low	  wx	   36.7	   274.371	   273.15	   0.1	   15.027	  
1/15/16	   Low	  wx	   36.7	   274.371	   272.65	   0.1	   21.180	  
2/12/16	   Low	  wx	   40.5	   274.262	   273.15	   0.1	   14.122	  

	  	   	  	  
	  

	  	  
	   	   	  1/3/16	   Low	  wx	   36.7	   273.861	   273.15	   0.02	   43.751	  

1/15/16	   Low	  wx	   36.7	   273.824	   272.65	   0.02	   72.242	  
2/12/16	   Low	  wx	   40.5	   273.713	   273.15	   0.02	   35.748	  

Table	  2.	  G	  Flux	  Comparison	  by	  Depth	  

As previously mentioned, equation 7 treats the upper soil layer and the lower 
snow layers as homogenous.  When using this interface as a single layer, it is assumed 
that heat transfer is uniform throughout this layer.  The G flux into the base of the 
snowpack is calculated in Table 3.  

 
 
 
 
 
 
 
 
 



 
 
 

	  

Date	   Location	  
Soil	  Thermal	  Conductivity	  

(W/m	  K)	  
Snow	  Thermal	  

Conductivity	  (W/m	  K)	   G	  (W/m2)	  
1/3/16	   Low	  wx	   1.419	   0.210	   19.073	  
1/15/16	   Low	  wx	   1.419	   0.210	   11.767	  
2/12/16	   Low	  wx	   1.458	   0.318	   11.025	  
	  	  

	   	   	   	  
1/15/16	  

Upper	  
wx	   1.330	   0.238	   10.313	  

2/12/16	  
Upper	  
wx	   1.330	   0.231	   10.475	  

3/17/16	  
Upper	  
wx	   1.330	   0.219	   9.472	  

Table	  3.	  Adjusted	  G	  Flux	  Values	  using	  equation	  7	  

Table 3 shows the differences in the G flux value depending on the time of year as 
well as reflecting changes in the snowpack depth.   The G flux was greater at the lower 
weather station likely as a result of the lower elevation and south facing aspect receiving 
more solar radiation.  Also, thick grass vegetation above the ground could help enhance 
insulation of the ground surface.    The G value at the lower weather station also 
decreased during the snowpack ripening process due to cold snowmelt water infiltrating 
into the ground surface cooling the temperatures at that depth.  As the temperature is 
cooled underground the G flux decreases due to a declining temperature gradient.  
Limitations of this observation are discussed in the next section.  

Overall, the G values decreased when using equation 7.  This occurred because it 
takes into account for snowpack conditions.  Equation 8 only uses soil characteristics to 
generate a G flux value.  G fluxes were greatest at both stations when the snowpack was 
at its deepest insulating the ground temperatures the most.   
 
Model Calibration 
 

Data processing for SNOBAL inputs required calibration and corrections to some 
of the parameters that were measured.  The first category of data that needed to be input 
was climate data consisting of shortwave and longwave radiation, air temperature, soil 
temperature, wind speed, and vapor pressure.  Vapor pressure was calculated with dew 
point temperature, relative humidity, and the Clausius-Clapeyron relationship with the 
following equations 
 
(9) 

𝑇! = 𝑇 −
100− 𝑅𝐻

5  
where: 



 
𝑇! = 𝑑𝑒𝑤  𝑝𝑜𝑖𝑛𝑡  𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (°K) 
T = temperature (°K) 
RH = Relative Humidity 
 
 
 
(10) 

𝑒 = 6.11 ∗   (10
!.!∗!!

!"#.!!!!) 
where: 
 
e = vapor pressure (hpa) 
𝑇! = Dew Point Temperature (°K) 
 

The second input category was precipitation record, which included total 
precipitation mass, percent of precipitation mass that was snow, density of snowfall, and 
average precipitation temperature.  Because of the error associated with capturing 
snowfall, precipitation totals were corrected for false recordings in the rain gauge by 
evaluating wind speed and relative humidity.  Precipitation amounts were further 
corrected for under catch by precipitation gauges by adding 25% to each precipitation 
event per findings from Hodgkinosn et al. (2004).  Density of snowfall was input 
according to new snowfall density charts from DeWalle et al. (2008) since onsite new 
snow densities were not measured at the time of snowfall.  The range used was 60 to 250 
kg 𝑚!!.  Average precipitation temperature was assumed to be the dew point 
temperature. 

The third input category were measurement heights, which included the height of 
wind speed measurement, height of temperature measurement, roughness length, and the 
depth of soil temperature measurement.  The height of the temperature and wind speed 
measurements were set as 3m.  The soil temperature measurement was at 2cm below 
ground.  The roughness length is the height at which the wind speed becomes zero and 
was set the .001m according to Marks et. al (1998).  

The final input category were snow properties, consisting of snow cover depth, 
average snowcover density, active snow layer temperature, average snowcover 
temperature, and percent of liquid H2O.  The snow cover depth was initiated at .75m 
based on field measurements and the day the model run started.  The active snow layer 
temperature and average snow temperature were based on field measurements during 
snow profile assessments of -6°𝐶 and -3.33°𝐶 respectively.  The snow cover density was 
initiated at 265.37 kg 𝑚!! according to field measurements.  The percent of liquid H2O 
was set according to recommended default by Marks et al (1998).   

The model was run for the time period starting on January 18, 2016 ending the 
day the snow disappeared on April 7.  Model calibration was accomplished by using total 
snow depth as the calibration point.  SNOBAL was not very sensitive to precipitation 
events while going through the calibration.  For SNOBAL to better represent the actual 
measured snowpack depth, the density of new snow was increased for some of the 
precipitation time steps.  The density was increased from 100 kg 𝑚!! to 250 kg 𝑚!!.  
This adjustment helped increase the model sensitivity enough to better represent 



measured snow depths.  Also, being sure to add the assumed 25% under catch by 
precipitation gauges and distributing precipitation events over more time steps helped 
calibration. 

The initial model run was ran with calculated incoming longwave radiation.  
These numbers resulted in the snowpack melting out in only 30 days.  Calculated 
incoming longwave radiation gave numbers higher than measured incoming radiation.  
Once the measured incoming radiation numbers were input instead the melt rates slowed 
down and resulted in a snowpack that was not melting fast enough.  However, this 
allowed the potential of calibrating the precipitation events once the model had a seasonal 
snowpack to work with. 

 Once precipitation events were calibrated, the ground temperature depth and 
temperature measurements were adjusted to test the sensitivity of these changes to model 
results.  Changing the depth from .5m to .02m had little effect on the rate of melt.  
Changes in the temperatures had more effect, but still minimal  

In order to increase the melt rate during the later part of the season the solar 
radiation numbers were adjusted.  One justification for raising these numbers was the 
location of the net radiometer sensor as it was located in a tree shadow during the times 
of greatest incoming solar radiation.  Therefore raising this number was reasonable given 
that it was likely under measuring during the melt season.  Solar radiation at the upper 
site had diurnal fluctuations ranging from 0 to 400 W 𝑚!! in January and February and 0 
to 650 W 𝑚!! during late March and early April.   

Further justification for raising the solar radiation numbers were to allow for the 
effects of decreasing snowpack albedo.  As the snowpack warms and begins to go 
through near surface melt freeze cycles, moisture content and snow grain growth will 
decrease snow pack albedo and enhance melt rates.  Slightly raising the solar radiation 
numbers allowed for this effect.   
 
Model Results 
 
 The SNOBAL model results for snow depth are shown in Figure 12. The blue line 
is the modeled snow depth starting on 1/18 and melting on 4/7.  Time step 1000 is equal 
to the date 2/29.  The red dots are measured snow depths along the upper snow course 
site at the upper weather station.  Snow course measurements were taken on 1/18, 1/29, 
2/12, 3/4, and 3/17.  The modeled snow depth falls within the actual measured data on 
each date. Increases on the blue line are precipitation events that occurred on 1/21 and 
2/1.  Precipitation events essentially stopped in February and early March as the second 
half of the 2015/16 winter season was characterized by sustained high pressure.   
 



	  
Figure	  12	  Modeled	  Snow	  Depth	  vs	  Measured	  Snow	  Depth	  (Timestep:	  0	  =	  1/18,	  1000	  =	  2/19,	  1921	  =	  4/7)	  

After	  SNOBAL	  was	  calibrated	  for	  snow	  depth	  and	  length	  of	  snow	  season,	  the	  
ground	  heat	  flux	  was	  compared	  to	  calculated	  values	  from	  point	  measurements	  
obtained	  throughout	  the	  winter	  season.	  	  Figure	  13	  shows	  the	  modeled	  ground	  heat	  
flux	  compared	  to	  two	  different	  calculation	  methods,	  which	  were	  discussed	  
previously.	  	  The	  green	  markers	  in	  Figure	  13	  not	  did	  not	  correlate	  with	  the	  model	  
runs	  and	  on	  2/12	  and	  3/17	  and	  were	  roughly	  25%	  higher.	  	  This	  method	  only	  
calculated	  G	  values	  based	  on	  soil	  properties	  and	  is	  likely	  the	  reason	  for	  the	  
difference.	  
	   The	  red	  markers	  in	  Figure	  13	  represent	  the	  method	  for	  calculating	  the	  G	  flux	  
using	  a	  combined	  snow/soil	  layer.	  	  The	  values	  for	  this	  method	  matched	  the	  modeled	  
G	  values	  well.	  	  This	  is	  also	  the	  method	  that	  SNOBAL	  uses,	  which	  are	  physically	  based	  
equations.	  	  Calculated	  G	  values	  only	  occurred	  on	  three	  dates	  when	  measured	  field	  
data	  allowed	  for	  these	  calculations.	  	  There	  were	  no	  snowpack	  measurements	  
collected	  after	  3/17.	  	  Of	  the	  calculations	  that	  were	  made,	  the	  highest	  G	  fluxes	  were	  
occurring	  during	  mid	  season	  at	  each	  weather	  station.	  	  This	  correlates	  to	  the	  period	  
when	  the	  ground	  temperatures	  were	  the	  highest.	  	  The	  ground	  temperatures	  slowly	  
warmed	  as	  they	  adjusted	  to	  a	  mid	  season	  deeper	  snowpack.	  	  As	  the	  snowpack	  began	  
melting	  and	  losing	  depth	  the	  temperatures	  slowly	  decreased.	  	  	  
	   During	  mid	  season	  when	  ground	  temperatures	  were	  warmest	  the	  calculated	  
G	  fluxes	  were	  the	  highest	  as	  the	  warmer	  ground	  temperature	  created	  the	  highest	  
temperature	  gradient	  between	  cold	  snow	  and	  warm	  ground.	  	  The	  modeled	  G	  values	  
showed	  similar	  results	  when	  compared	  to	  measured/calculated	  data.	  	  However,	  the	  
most	  drastic	  changes	  in	  the	  G	  flux	  occurred	  later	  in	  the	  season	  after	  3/17.	  	  	  This	  is	  
when	  melt	  at	  the	  upper	  weather	  station	  really	  started	  to	  occur	  as	  noted	  by	  the	  snow	  
profile	  on	  3/17	  where	  the	  top	  10cm	  consisted	  of	  melt/freeze	  grains.	  	   	  
	  



	  
Figure	  13	  Smoothed	  Modeled	  vs	  Calculated	  Ground	  Heat	  Flux	  (Timestep:	  0	  =	  1/18,	  1000	  =	  2/19,	  1921	  =	  
4/7) 

 The G flux increases significantly during the last week of March when solar 
radiation values begin to increase.  One reason the G flux likely increases is from more 
interaction between the atmosphere and the ground due to a shrinking snowpack.    
Increased solar radiation is likely penetrating the snowpack, warming ground 
temperatures near the surface and increasing the G flux.  These slight increases are seen 
in Figure 10 in Late March.  This is consistent with literature that cites an increased 
transmission of shortwave radiation to the ground when the snowpack is 25cm or less, 
which will increase the ground heat conduction.  On April 1 there is a significant drop in 
the G flux value as indicated in Figure 13.  This drop correlates with overcast sky cover 
and precipitation event ultimately decreasing solar radiation and the G flux.   
 After April 1, ablation of the snowpack goes quickly and disappears by April 7.  
The melt rate as indicated by the increasing slope of the snow depth model increased due 
to a combined increase in solar radiation and G flux values.  The increase in snowmelt 
also correlates with the loss of the lower layer of the snowpack in SNOBAL.  Once the 
lower layer is melted on April 1, only the top active layer is left in the model consisting 
of 25cm.  The snowpack is ablating from the top and bottom due to increased solar and G 
fluxes. 
 Ground temperatures and different resulting G flux values were an important 
aspect to look at during this research.  Under typical snowpack modeling scenarios the 
ground temperatures are assumed 0℃.  Three different modeling scenarios were ran with 
different ground temperature regimes to see how the G flux varies.  In Figure 14 the three 
modeling results are shown.   The “0℃” scenario is where the ground temperature was 
assumed 0℃ throughout the snow covered season.  Flux values are the lowest under this 



scenario.  The “0℃” scenario did not result in the snowpack melting by the end of the 
snow covered season of April 7.  This is also likely the reason why the “0℃” scenario 
does not have the rise in G flux during end of the season.  The snow does not melt under 
this scenario by April 7, therefore the model stops with .15m of snow left on the ground 
still.     
 The “manipulated” scenario in green is where ground temperatures were 
manipulated to achieve melt by the end of the snow covered season.  Ground 
temperatures in the beginning of the season were set colder than recorded temperatures to 
check for G flux sensitivity.  The colder temperatures resulted in a slower melt rate and 
originally a snowpack that did not melt by the end of the season.  The temperatures were 
then manipulated to .7 and .9℃ toward the end of the season to achieve the appropriate 
melt date.  The temperatures were also raised to test a different scenario than the recorded 
ground temperatures.  Recorded temperatures began cooling towards the end of the 
season instead of warming in the “manipulated” scenario.  
 

	  
Figure	  14	  Modeled	  G	  Flux	  with	  Varying	  Ground	  Temperatures	  (Timestep:	  0	  =	  1/18,	  1000	  =	  2/19,	  1921	  =	  
4/7) 

 The third “measured” scenario in blue was using the recorded ground 
temperatures.  The ground temperatures were slightly positive all winter and at its 
warmest (.78℃ ) during the deepest snow cover in mid February. The variations in the G 
flux scenarios shows that the G flux is greater than the typically assumed 0℃ ground 
temperature.  Figure 15 shows mid season averaged daily G flux values.  The G flux 
values are relatively low, however increase slightly once a seasonal snowpack is 
established.  The “measured” scenario does provide a higher flux into the base of the 
snowpack than the “0℃”.   



	  
Figure	  15	  Average	  Modeled	  G	  Flux	  (Timestep:	  0	  =	  1/18,	  1000	  =	  2/19,	  1921	  =	  4/7)	  

The difference in fluxes becomes more significant during the end of the season 
during the melt period.  The average G flux for the “0℃” scenario was 6.3 W 𝑚!! with a 
maximum of 46.6 W 𝑚!!.  The average G flux for the “mesured” scenario was 11.89 W 
𝑚!! with a maximum of 208 W 𝑚!!.  
	  

	  
Figure	  16	  Averaged	  G	  Flux	  



When considering the importance of the G flux, melt generation was also looked 
at to see which scenario was generating a greater amount of melt from the snowpack as a 
result of higher G flux values.  The “0℃” scenario had a total melt of 194.2 kg 𝑚!! 
where the “measured” scenario resulted in 317.6 kg 𝑚!! of melt.  This shows the 
increased importance that the G flux value has in relation to typical model assumptions 
for snowmelt.   
 
Conclusions 
 
 This research has investigated the effects of the ground heat flux in a semi-arid 
climate with generally shallow snowpacks.  Near surface ground temperatures underneath 
a seasonal snowpack were above 0℃ for the duration of the snow covered season 
reaching highest temperatures when the snowpack was deepest.  G values were the 
highest during the end of the season from shallower snowpacks and increased solar 
radiation penetration.  The “0℃” scenario demonstrates that the G fluxes are greater in 
the tested Alamo Creek Watershed than typically assumed temperatures as the “0℃” 
scenario did not melt the snowpack by the true end of the snow covered season. 

Accurately representing the G flux value, although smaller than other energy 
fluxes, will help represent snow melt processes indicated by the differing melt generation 
values for the “0℃” and “measured” scenarios.  Being able to better calibrate snow 
processes for models in the appropriate climate location will help water availability 
forecasts improve.  
   
Recommendations for further research 
 
Modeling scenario will still need to be completed for the lower weather station site.  
Results should produce some differing numbers as the ground temperatures at the lower 
site were warmer and the snowpack was shallower. 
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