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ABSTRACT 
Snow accumulation is a complex process and difficult to model due to the uncertainties in 
precipitation but also in the melting and what happens with the melt water in the snow pack. 
Additionally the redistribution of the surface snow can be significant in exposed areas. This 
report investigates the process of the retention and refreezing of melt water on Svalbard and 
the sensitivity of a number of parameters in the atmospheric model WRF. It continues the 
work in the SVALI report 3.1-1 by analysis of output from the 5-layer snow scheme in CLM4 
land surface model in addition to the 3-layer Noah-MP. The performance of the two snow 
schemes is investigated in relation to snow observation at Lomonosovfonna, which were not 
available for the earlier report. The investigated parameters include water holding capacity in 
the pore space in the snow, heat conductivity of the snow, the maximum snow water 
equivalent w.e. handled by the snow scheme and initialization of the snow/firn/glacier 
temperature.  

The simulations and the analysis gave rise to some new questions and could not directly 
answer the ones asked. It could for instance not be determined which of snow thermal 
conductivities and water holding capacity is the better one. The analysis suggests that the 
snow thermal conductivity is much more important than the water holding capacity (in the 
range 1–3%) in determining the melt and snow temperature evolution. It was however shown 
that the initialisation of the snow properties is very important. The best seems to be setting the 
deep layer temperatures layers to 0°C and allow for at least one year of spin-up. CLM4 is 
more sophisticated but very computationally expensive. Therefore Noah-MP must be used for 
climate simulations (at least if run in Uppsala). The belief is that by including the firn layers 
below the snow layers in the model above the ELA, three snow layers may be sufficient. 
However, ice lenses will not be possible to simulate, except in the uppermost layers of the 
snow. Further work, trying to answer the new questions and by utilizing observation from 
more sources, will be performed in a coming manuscript (D3.1-2). 
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INTRODUCTION 
Surface mass balance for snow (SMB) is a complex process and difficult to model. Firstly the 
modelled precipitation is associated to large errors (this is one of the most difficult 
meteorological variables to simulate). Then also the partition of snow and rain is also 
important (and rather uncertain). At the snow surface the wind can also redistribute the snow 
but with sufficiently large area averages this is of minor importance. Further, the surface 
sublimation and snow melt must be determined. However, the melting snow or rain will 
percolate in the snow pack and will partly be retained in the pores by capillary forces or 
refreeze on its way down, depending on the cold content in the snow. This means that melting 
will not necessarily give negative surface mass balance in the summer. With rain water 
refreezing in the snow the SMB can even be positive. If the melt water in the snow on a 
glacier percolates down to the firn, the observed annual mass balance will not be correct and 
we have an internal accumulation, i.e. accumulation not measureable in the annual snow. The 
formation of ice lenses and preferential flow or "flow fingers" also complicates the way to 
model the way down of melt water in the snow pack. It is interesting to model the SMB 
directly from the atmospheric model but the most important issue for the atmospheric model 
itself is to find the onset of glacier or ground exposure to the air when the snow is gone, since 
this effectively changes the surface–air interaction in terms of surface turbulence fluxes and 
radiation balance.  

At the water retention workshop at DTU, Copenhagen in October 2014 the following bullet 
points, describing the needs of research, were established: 

• Better estimates/understanding of the processes that control melt water transitions 
from percolation in firn to preferential flow in firn to horizontal routing of water that 
eventually become supraglacial streams. 

• In the percolation area we can estimate melt water retention because by definition it 
does not exit the cold snow. And, in zones with no or very limited firn overlaying 
solid ice algorithms are available for quantifying the development of superimposed-
ice. Yet, we need to improve retention understanding/quantification in the remaining 
areas and come up with common rules/algorithms. 

• For better process understanding a combination of physical and stochastic modelling 
should be established. 

• Observation on temporal and spatial evolution is key to understanding governing 
physical processes. 

This report continues the work presented in the SVALI report D3.1-1 (Claremar 2013b). It 
investigates the sensitivity in changing some of the physical parameters in the snow schemes, 
both in the CLM4 and in Noah-MP land surface schemes of the atmospheric model WRF 
(Noah-MP was used in the earlier report). These parameters include water holding capacity in 
the pore space in the snow, heat conductivity of the snow and snow depth taken into account 
in the model. Hence this study is mostly related to bullet 3 and the stochastic modelling or 
rather statistical, in the way that we rather tune the parameters to resemble the average of 
temperature measurements. Over Svalbard the glaciers are either in the ablation zone, where 
we have no internal accumulation (but superimposed ice may form on the hard glacier 
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surface), in the cold zone (at least earlier above 900–1200 m in NE Spitsbergen and above 
550 m on Vestfonna and Austfonna (e.g. Shumskii 1955, 1964, Dunse et al. 2009)) or in the 
warm percolation zone, where we have the least knowledge in quantifying the water retention 
according to bullet 2. 

The choice of CLM4 in addition to Noah-MP was motivated by the more sophisticated albedo 
scheme and more snow layers (5 compared to 3). However it was found that it is more CPU-
demanding and not suited for climate simulations on the computer cluster used by the author. 
Comparison between model simulations and observations from Lomonosovfonna (in the 
warm percolation/infiltration zone) are performed (Marchenko 2013). 

The research questions are how the two snow schemes perform relative to the snow 
observations and if optimal expressions of snow thermal conductivity and water holding 
capacity can be found? Further, can we without too much problems use the more effective (in 
time) Noah-MP model for climate simulations? 

MODEL AND MEASUREMENTS 

WRF Model 
The WRF model (Skamarock et al. 2008) is an open source model 
(http://www.mmm.ucar.edu/wrf/users/) widely used in research and is useful in ranges 100 of 
kilometres down to finer than 1 km horizontal resolution. The model output used in this 
investigation had horizontal resolution of 16.5 km and the model set-up was basically that of 
the study by Claremar et al. (2012) but for the WRF3.6 version (not polar WRF). In Claremar 
et al. (2012) various physics schemes were changed in a sensitivity study. Here we use the 
Morrison double-moment microphysics scheme (Morrison et al. 2005) and the MYNN2.5 
turbulence schemes (Nakanishi and Niino 2006) and the CLM4 land surface scheme (Niu et 
al. 2011). Forcing data were from the ERA-Interim re-analysis (Dee et al. 2011). The sea 
surface temperature (SST) is taken from OSTIA (Donlon et al. 2012) where the resolution is 
as fine as 0.05° (i.e. 5.5 km in N-S direction and about 1 km in W-E). Terrain and land use 
data are originally from USGS (U.S. Geological Survey) but here the land use/glacier mask is 
taken from NPI (Nuth et al. 2013). Fig. 1 shows the model grid and terrain and the glacier 
investigated. 
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Figure 1. In a) model domain and Lomonosovfonna marked by dot. Contour lines show 
elevation with 200 m equidistance. In b) NPI landuse with dark red being glacier or sea ice, 
green tundra and blue water. 

Snow scheme 
In the WRF model several different land surface models/schemes (LSMs) can be used. In a 
previous report (Claremar 2013b) the Noah-MP scheme (Niu et al. 2011, Yang and Niu 2003) 
was used. It has 3 snow layers and liquid water retention and refreezing already implemented. 
Snow compaction is accounted for, following Anderson (1976) and Sun et al. (1999). It was 
found in the report that 3 layers gave too coarse resolution in the thermal and hydrological 
development in the snow. Depending on the snow depth the snow consists of one to three 
layers. Uppermost layer is limited to 5 cm, the middle one to 20 cm (adding up to 25 cm) and 
the lowest is limited by the snow depth which in turn is limited by maximum 2 m water 
equivalents (mwe) and thus can be several meters thick, depending on the density. This thick 
layer limits the possibility to describe the snow evolution and work with the introduction of 
more layers was started but cancelled. The architecture of the program code delimited the 
possibility to do so in the available time frame. However, the soil layers in the Noah-MP 
scheme uses firn/glacier properties. The firn layer thicknesses are constant, being 0.1, 0.3, 0.6 
and 1 m, counting from above and adds up to 2 m. Densities are not explicitly calculated but 
thermal conductivity and capacity are functions of depth. Liquid water and refreezing is 
accounted for and can be tracked but the water holding capacity is unlimited. Albedo is from 
the BATS scheme (Yang et al., 1997). Division of snowfall and rain is done following the 
relatively complex functional form of Jordan (1991). 

In the present study this scheme is used as well and in addition simulations with CLM4 
scheme are performed (Lawrence et al. 2011). It has up to 5 snow layers and more 
sophisticated albedo scheme (SNICAR). The layer thicknesses for deep snow are, counting 
from surface, 2, 5, 11, 23 cm (41 cm) and for the deepest layer about 100 cm, depending on 
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the density and w.e. (maximum 1 m). The performance of the albedo scheme and possible 
updates will be investigated in coming work. In the present study we focus on the snow 
hydrology. 

Thermal conductivity 
The thermal conductivity of the snow, ksnow, is needed to calculate the time evolution of the 
snow temperature: 

sno sno
snow snow

T TC k S
t z z

∂ ∂∂  = + ∂ ∂ ∂   

where the volumetric heat capacity is given by 

 snow ice ice liq liqC C Cθ θ= +  

where θice and θliq stand for partial volume of ice and liquid water and Cice and Cliq are the 
specific heat capacity of water and ice at constant volume (4.188·106 and 2.094·106 J/m3/K), 
respectively. S is a source/sink term including surface heating and phase changes. Volumetric 
heat capacity for the firn in Noah-MP is given by the "Noah glacial ice approximation": 

( ) 60.8194 0.1309 10firnC D= + ⋅  

where D is the mid-layer depth in meters, counted from the firn–snow boundary. This gives 
values in the range 0.8–1.0 J/m3/K. 

The snow conductivity, ksnow, is parameterized as function of bulk snow density, ρsnow, for 
each snow layer. The original expression in each LSM for the snow conductivity are 
compared to a third one. The original one in Noah-MP is from Yen (1965): 

𝑘 = 3.2217 ∙ 10−6𝜌2 

and from Jordan (1991) in CLM4:  

𝑘 = 0.023 + (7.75 · 10−5𝜌 + 1.105 · 10−6𝜌2) · (2.29 − 0.023) 

The above original expressions are changed to an expression from Sturm et al. (1997): 

𝑘 = 0.138 − 1.01 ∙ 10−3𝜌 + 3.23 ∙ 10−6𝜌2 

The difference between all expressions is shown in Fig. 2. For low densities (new snow) the 
original expressions are very similar but for ρ higher than 200 kg m–1 Sturm et al. (1997) 
gives lower values. The Sturm et al. (1997) and Jordan (1991) converge for zero density at 
0.023 W K–1 m–1, which is the thermal conductivity for air. In Jordan (1991) the thermal 
conductivity reaches 2.2 W K–1 m–1 for pure ice at 917 kg m–3. We choose the expression 
from Sturm et al. (1997) before other studies because this paper presents a very thorough 
investigation of many studies and points out earlier shortcomings. In Fig 2, one can also see 
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that the Yen (1965) study was based on a limited range of densities. The firn thermal 
conductivity is given by "Noah glacial ice approximation": 

 0.32333 0.10073firnk D= + , 

where D is the mid-layer depth in meters, counted from the firn–snow boundary. This 
corresponds to kfirn in the range 0.33–0.47 W K–1 m–1, i.e. density ranges of 300–400 or 450–
500 kg m–3, using Jordan (1991) or Sturm et al (1997) expressions, respectively (see Fig. 2). 
These densities are rather low, especially if the Jordan (1997)/Yen (1965) expressions are 
more valid. Shown in Fig 2 is also an expression by Domine et al. (2011). Since we are 
interested in a sensitivity analysis we omit simulations with this expression since it is in 
between the above mentioned expressions. 

 

Figure 2. Thermal conductivity in the snow. 

Liquid water in snow pack 
Liquid water description in the snow is already implemented in Noah-MP and CLM4 and 
dependent on melting, rainfall, the available pore space and the water holding capacity, WHC, 
or in other words irreducible snow water saturation, SSI, of the snow pack. The water that 
does not freeze because of too small amount of cold content in snow layer and is not held by 
the water holding capacity percolates down to the next layer but can also be prevented from 
this if the lower layer already is saturated. 

The flow from one layer i is given by: 
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 ( ), , , , ,0 SSI·out i liq i pore i i pore i liq iq dzθ θ θ θ≤ = − < −
 

If the pore space is less than 5% in a layer (ρsnow>850 kgm–3) it is considered impermeable. 
Therefore the percolation is set zero if the actual layer OR the layer below has a pore space 
below 5 %. The lowest snow layer has a free drainage. The original code has a constant 
SSI=0.03 in Noah-MP and 0.03 in CLM4. We also test SSI=0.02 (WHC2) which may account 
for preferential flow that increases the percolation. 

Snow initialisation 
It is of importance that the snow temperature profile is well reproduced during the winter 
before the analysis period since this will affect the amount of melting, retention and refreezing 
in the snow later on. This is because of the cold content of the snow. Therefore the model has 
to spin up. It was first decided to start the initialization of the model at the start of the 
hydrological year, 31 Aug 2011. It was also tested to start the simulations one year before, in 
1 Sep 2010. The depth of snow taken into account in the model will also affect the evolution 
of the snow temperature. How will the deep snow temperature affect the winter cold? This 
requires sufficiently deep snow in the calculations, but will be limited by the large thickness 
of the deepest snow scheme layer. The limiting snow depth is dependent on the density 
because the snow w.e. is limited in the model. In some sensitivity tests the Noah-MP limit 
was increased from 2 m to 5 m w.e. and in CLM4 it was increased from 1 to 5 m w.e. This 
corresponds, in the simulations presented here, to 10 m for Noah-MP. In CLM4 this limit was 
never reached because the initial snow is reduced to almost zero but during two years at 
Lomonosovfonna 3 m of snow was reached. 

Analyses of the mentioned simulations prompted tests with other temperature profiles already 
at the spin-up start. Firn temperature and also deep climatologic temperatures (basically a 
boundary condition to the deepest firn layer) was set to 0°C as well. 

MEASUREMENTS 
We use measurements from two sites which are close to each-other but on different altitudes.  

AWS station 
For validation of the 2-m temperature simulated by the model we use measurements from an 
AWS at Nordenskiöldbreen (78°41'39''N, 17°09'22''E, 530 m a.s.l.). The location is shown in 
Fig. 3. Nordenskiöldbreen is one of the major outlet glaciers of the ca 600 km2 large 
Lomonosovfonna ice field draining towards the Billefjorden in the inner part of Isfjorden. The 
glacier is about 5 km in width and 17 km long. The AWS is situated in the central flow line of 
the glacier, which is confined by steep slopes to the north and to the south. The direction of 
the downward slope of the glacier at the AWS site is to southwest. For further details see 
description of the site in Claremar et al. (2012).  
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Snow temperature measurements 
Observed snow temperatures are taken from nine 10 m long thermistor strings from a location 

at 1200 m a.s.l. on Lomonosovfonna (Fig. 3). They were put in drill holes separated by 3 m 

and in a square with the sides 6 m. Thus the local heterogeneity of the temperature was 

captured. The temperatures were not significantly different between the strings. Ice layers (not 

analysed here) were, however, highly heterogeneous. The thermistors were installed in mid-

April and are placed most often with a vertical distance of 1 m apart. In some strings the 

distance can be less (around 0.5) close to the surface. An average temperature for each present 

depth is used for the comparison to the WRF output. Also density and stratigraphy profiles 

were taken the 13 April. For more details of this site see reports by Marchenko (2012, 2013).  

 

Figure 3. Map of the Lomonosvfonna and Nordenskiöldbreen  

METHODOLOGY 
The WRF model will produce biases to the observed in air temperature and radiation, among 
other parameters. To solve for the temperature bias part we use temperature measurements 
from Nordensköldbreen to find temperatures as correct as possible. This is done by finding 
the bias in the winter (Sep to June) temperature (to force the onset of the melt period) and 
surface temperature lapse rate produced in the same period in the model (varying between 5.5 
and 5.9°/km in the different simulations). Since there is a cold bias we can find the correct 
temperature about 300 m further down (corresponding to about 1.8°C). Assuming that the 
simulated lapse rates are correct, a point was chosen with height 910 m close to 
Lomonosovfonna (1200 m a.s.l.) and along the north-south ridge (to minimize west/east 
barrier effects on precipitation). 
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The different runs performed in this study are summarized in Table 1. Initially the focus was 
on the CLM4 scheme, but during the progress of the work its focus was transferred to Noah-
MP. Note the differences in CPU-time between the Noah-MP and CLM4 simulations. In 
general the Noah-MP scheme makes the simulations run about five times faster. Further the 
runs with CLM4 is numerically more unstable. Therefore the changes in the two schemes 
have not been identical but have mirrored how the interest has changed from the view of the 
evolving results and CPU-time consumed. The initialization is either on 31 August 2011 or in 
2010, to reflect the importance of spin-up for the snow pack. The longer runs are given the 
index "2y". The original physics simulations are given the index "Ref", changing the snow 
heat conductivity to that of Sturm et al. (1997) is called "Sturm" and changing the water 
holding capacity to 2% is indexed by "2". The change of the limiting snow depth in terms of 
w.e. is given the index "5 m". 

Comparison of the snow temperature evolution by WRF to the mean of the 9 thermistor 
strings at LF at 1200 m in the summer 2012 is performed. Also the sensitivity to summer 
melting is shown. In a coming study this will be compared to measured ablation at several 
glaciers on Svalbard. 

Table 1. The simulations performed.  

Run Comments Approximate CPU-
time (hours x cores) 

CLM4   

Ref Original CLM4 snow part of the 
surface physics scheme 

46x32=1500 

Ref_2y_5m Original CLM4 scheme but with 
more spin-up and 5 m of maximum 
w.e. 

47x48=2300 

Noah-MP   

Ref Original Noah-MP scheme 4x48=200 

Ref_2y As above but with 20 month spin-
up 

8x48=380 

Ref_2y_5m As above but with maximum of 5 m 
w.e.  

—"— 

Ref_2y_1m As above but with maximum of 1 m 
w.e.  

—"— 

Ref_2y_1m_init0 As above but initialisation with 0°C —"— 
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firn 

Ref_2y_1m_glac0 As above but with 0°Cglacier ice 
and firn 

—"— 

Ref_2y_2m_glac0 As above but with 2 m w.e. snow —"— 

Ref_2_2y_2m_glac0 As above but with 2% WHC  —"— 

Sturm_2y_1m_glac0 As above but with Sturm heat 
conductivity, 1 m w.e. snow and 3% 
WHC 

—"— 

Sturm_2_2y_1m_glac0 As above but with 2% WHC —"— 

Sturm_1_2y_1m_glac0 As above but with 1% WHC —"— 

RESULTS 
The analysis focuses on the snow temperature evolution in WRF model in comparison to the 
measurements at Lomonosovfonna. In Fig. 4 the observed temperature evolution is shown. 
Since there is snow falling as well as there is melting at the surface snow the snow depth of 
the thermistors are correct only for the late April when thermistor strings were installed. They 
are buried during the course of time but it is not known how much. The accumulated snow 
simulated by WRF and presented in Fig. 5 can be interpreted as the upper limit of the 
underestimation of the sensors depths. The low daily variation of temperature close to the 
surface in Fig. 4 suggests that zero depth actually corresponds to at least 10 cm of snow above 
the upper thermistor during the summer. Therefore we should not look at the surface details in 
the simulations. The observed deeper snow temperature in Fig. 4 shows a distinct cold wave 
in May represented by a minimum below –10°C less than 2 m from the surface. Then the 
heating from above continuously increases the temperature near the surface by thermal 
conduction, while the depth of the minimum temperature deepens at the same time as the 
minimum temperature increases. This continues until July/August when a number of events 
give abrupt increases of temperature and eventually it reaches 0°C in the entire profile. These 
events are probably due to melt water percolation and refreezing that is accompanied by 
release of the latent heat. In September the whole snow pack shown in the figure shows close 
to zero temperatures (–0.2 to 0°C). At that time the upper layers begin to be cooled due to the 
decreasing air temperature and downwelling short-wave radiation. In the end of August there 
is also a cold spell that is seen in a drop of the temperature within a meter of the snow pack. It 
can also be noted that the cold wave reaches 12 m. It can also be noted that the very deep 
layers seems to be heated from below. In the comparison with the simulations just the upper 4 
to 10 meters of the observed snow temperature will be valuable, depending on the thickness 
of the snow model domain.  
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Figure 4. Observed snow temperature evolution at Lomonosovfonna. 

 

Fig. 5. Simulated accumulated snow fall in mm w.e. since 1 May 2012. 

In Fig. 6 the observed density profile from 13 April 2012 is shown. Also shown are the mean 
densities for the layers represented in Noah-MP with 2 and 5 m w.e. and CLM4 with 1 m w.e. 
In CLM4 with 2 m w.e. the density in the deepest layer at this date is close to 400 kg m–3 as 
for the observations at this layer depth. The density in the snow layers represented by the 
snow schemes should thus be about 400 kg m–3 for CLM4 and 410–480 kg m–3 in Noah-MP. 
The firn in the model should be around 500 kg m–3. The latter is in agreement with the 
thermal conductivity expression used for firn if assuming the Sturm et al. (1997) relation. 
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Figure 6. Density profiles from the measurements on Lomonosovfonna on 13 April 2012. Also 
shown are layer means taken at the depths of the WRF model snow schemes. 

Comparison to observations 
For the comparison of the simulated snow temperatures we have to bear in mind the different 
resolutions of the observations and the simulations. The upper level observations are at the 
best resolved by 0.5 m and then by 1 m. In the Noah-MP simulations the upper two layers are 
5 and 20 cm, adding up to 25 cm, and then a bulk layer that can be several meters thick. In 
CLM4 the 4 upper layers are better resolved, adding up to 41 cm. The lower layer can also 
here be several meters thick.  

In Fig. 7 the temporal evolution of the snow and firn temperature, as simulated by Noah-MP, 
is shown. The observations and a close-up view of those are shown in the top for comparison. 
Also shown, in the bottom, are differences to the observations interpolated to the model grid 
for two of the simulations. Blue thick line indicates boundary between snow and firn in the 
model. The temperatures represent mean temperature in the layers, which explains why 
minimums and maximums can be found about a meter above the snow–firn boundary. 

With 8 months of spin-up before May, and using the original scheme (Ref), similar 
temperatures are reached in the upper two meters (snow depth is between 4 and 5 m) in the 
beginning of the investigates period. Later in the period it is evident that the percolation of 
water is not sufficient. The cold spell in late August is captured but with colder temperatures, 
probably due to that the near-surface temperature in the observations are actually deeper than 
when the thermal strings were installed. In Fig. 8 the temporal evolution of the snow 
temperature, as simulated by CLM4 is shown. In the Ref case with 8 months of spin-up the 
cold wave is warmer than the observations. The percolation of melt water reaches the lower 
snow layer faster than in Noah-MP and the observations. Already in mid-June the temperature 
is close to zero throughout the snow pack. It stays warm until mid-September.  
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Figure 7. Temporal evolution of snow temperature from the observations at Lomonosovfonna 
and the Noah-MP scheme. Fields stop at the centre of the lowest layer depth. Blue line show 
the snow depth in the snow scheme. Shown are also the difference to observations of the best 
simulations. 
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Figure 8. Temporal evolution of snow temperature from the CLM4 scheme. Temperature 
stops at the centre of the lowest layer depth. Blue line show the snow depth in the snow 
scheme. 

If comparing Noah-MP and CLM4 (Fig. 8) it is evident that the surface snow layers are 
heated up much earlier in CLM4. With the same temperature forcing this may be related to 
the short wave radiation and the albedo. Now, the albedo is higher in CLM4 in April and 
May, but the SNICAR scheme allows penetration of short wave radiation into the upper snow 
layers and heat absorption in the second to fourth layer (not shown here) from the end of 
April. This is most probably the explanation of the early heating. Unfortunately this cannot be 
supported by the observations since the upper thermistors are probably buried with several 
centimetres of snow, maybe above ten.  

The effect of spin-up can be tracked in Fig. 7 with the Noah-MP simulations. With another 
year of spin-up the cold content becomes larger (colder than the observations) but does not 
change much the evolution when the melt period starts. Using the longer spin-up and deeper 
snow (5 m w.e. and around 10 m of snow) included in the calculations (Ref_2y_5m) shows 
that the cold wave is more or less present the whole summer. Either this means that the 
thermal conductivity is too low, or that there is not enough water to eliminate the cold 
content. If limiting the snow to 1 m w.e. (Ref_2y_1m) increases the temperature of the lowest 
snow layer and also the firn. Still the snowpack is not heated to melting as in the observation. 
Further, the timing of the start of melt is not significantly changed. 

Initializing the firn layers to 0°C and with 1.5 years of spin-up  and 1 m w.e. snow (Ref2y 1m 
inso0) has a rather small effect and only decrease the cold content somewhat in the firn. By 
initialising also the lower boundary temperature from the annual mean temperature of about –
14°C to 0°C (Ref2y 1m glac0), however, improves the results significantly. Firn temperature 
exceeds –4°C in late September and 0°is reached in the lowest snow layer. Thus there is an 
improvement but still some additional parameter changes are needed. Increasing the snow to 2 
m w.e. again (Ref2y 2m glac0) reduces the temperature, due to the "inertia" of the thicker 
deep snow layer. Therefore we focus the physical parameter analysis to the 1 mwe 
simulations. 

The effect of the snow heat conductivity can be tracked by comparing the (Ref2y 1m glac0) 
and (Sturm2y 1m glac0) simulations (Fig.7). The lower thermal conductivity in the Sturm 
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simulation leads to lower cold content but the Ref case is a little closer to the observations (see 
also difference plot in Fig. 7). During the summer the heating is not equally fast as in the Ref 
case and it is hence colder than the observations. The lowest snow layer only reach –1°C and 
the firn is also too cold.  

By decreasing the water holding capacity (WHC, Sturm and Sturm 2 in Fig. 7) from 3 to 2% 
would mean that more water percolates down to next layer. All layers except the lowest reach 
the maximum value a couple of times each summer. However, with this change, the amount 
of water is not sufficient to significantly change the temperatures when the water refreezes 
more than in the upper layers. Reducing the WHC to 1% heats the 3rd snow layer but only a 
few tens of a degree (Sturm 1 in Fig. 7, including diff plot).  

The simulated density generally increases in all layers with time. Surface layers consisting of 
fresh snow have lower density, which also increases abruptly during melt. For the upper 
layers the density does not exceed much over 450 kg m–3. For the deepest layer the 
compaction due to the weight of the above layers is the most important process if the melt is 
small compared to the mass of snow in this thick layer and may exceed 500 kg m–3 in 
September in some simulations. The compaction will decrease the snow height even if the 
mass is the same. In April and in the Noah-MP simulations the density is close to 440 kg m–3 
for the 1 mwe case Ref2y 1m glac0 and 480 kg m–3 for the 2 mwe case (Ref2y 1m glac0), not 
too far from the observations in either case.  

Simulated distribution of ablation 
In this section the focus is on the sensitivity of the parameters on the summer melt. We define 
it here as the change in snow w.e. minus the precipitation between 1 May and 1 Aug. The 
analysis of the Noah-MP simulations is limited to the ones with 0°C initialisation of the firn 
and glacier. The reference case is shown in Fig. 9a. Note that the first colour scale 
corresponds to the reference and the other to the difference subplots. The melt is concentrated 
to the inner part of Isfjorden and around Barentsburg to the west and south of Isfjorden inlet, 
and to other low elevation areas.  

The effect of deeper snow (2 m compared to 1 m w.e.) is shown in Fig. 9b. A somewhat lower 
melt covers most of the archipelago with concentrations especially at the southern tip and the 
north-western part of Spitsbergen, and at the coast of Nordaustlandet.  

The effect of the Sturm heat conductivity is seen in Fig. 9c. The effect is mainly that the 
coasts have less melt with Sturm, except around Isfjorden.  

The water holding capacity (WHC) effect is seen in Fig. 9d and 9e for both Yen and Sturm 
thermal conductivity. As for the temperature the effect is minimal. Even when reducing the 
WHC to 1% does not change this (not shown). 
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Figure 9. Summer melt in 2012 in mm w.e. from the Noah-MP scheme. Red thin lines show 
the 500 m elevation of the terrain. 
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DISCUSSION AND CONCLUSIONS 
This study was initiated to find proper values of the snow thermal conductivity and water 
holding capacity. The snow temperature from the WRF simulations was compared to 
measurements at Lomonosovfonna. The surface scheme CLM4 was first in focus because it 
has a very sophisticated albedo scheme and more snow layers. Noah-MP was run as a 
reference. While the simulations and analyses were performed it was noticed that the CLM4 
needed much (five times) more computer resources compared to Noah-MP. After a couple of 
simulations with CLM4 the focus was instead turned towards Noah-MP. For climate 
simulations on the order of 20 years with 5.5 km horizontal resolution (in this study 16.5 km) 
it is not practicable to use CLM4 but for short-period studies it can be interesting. Further the 
initialization and spin-up time could be of importance as well and the spin-up period was 
prolonged one year to capture a better cold wave and the higher temperatures left from 
previous year’s summer melt. Also the soil layers, defined as firn over glaciers, were included 
in the temperature analysis.  

The analysis of the simulations pointed out the importance of correct initialisation, even if the 
spin-up time was more than one year, covering a hydrological cycle. At least for 
Lomonosovfonna there was a need of setting all layers to 0°C, even the glacier boundary 
condition to the firn. By doing so, the temperature was improved significantly in relation to 
the observations.  

The effect of thickness was investigated as well. Just the lowest layer was changed because 
we wanted the resolution in the top layers to be as good as possible to capture the thermal and 
hydrological forcing from the surface. The thickness was both reduced and increased. On the 
first hand a reduction can improve the resolution and possibly the calculations. On the other 
hand, a deep layer included more of the deeper snow and firn and may thus better take care of 
the influence from the deep temperatures. The analysis showed that a thinner layer (1 m w.e.) 
better represents the snow pack temperature evolution at Lomonosovfonna, but this also 
requires that the glacier temperature is set to 0°C. This, however, limits the comparison down 
to about 4 m, including firn. In the observations the cold wave penetrates deeper than 10 m. 
However, to be able to classify the soil as firn, the seasonal snow should be represented by the 
snow model. Therefore it should cover at least more than the maximum annual precipitation 
probably more than 1.5 m w.e. (cf. Claremar et al. 2013b) in southern Spitsbergen but the 
depth should still not cover more than 2 m. At Lomonosovfonna the annual precipitation is 
close to 1 m according to the simulations in 16.5 km resolution and 1.4 m in 5.5 km 
resolution. 

The most important parameter seems to be the snow thermal conductivity. Changing the water 
holding capacity does neither significantly change the water leaving the modelled snow pack 
or the temperature. This depends probably on the low amount liquid water available to 
refreeze compared to the mass of the snow in the deep thick layer. This might change by 
reducing WHC even more and by implement it in the firn layers as well. Throughout the 
period the Yen (1965) expression performs somewhat better and the bias to observations are 
of different sign in the spring period for the two expressions. But the influence from possible 
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errors in atmospheric temperature and the surface energy balance may prevent us from 
drawing any robust conclusions about which one is the better. Unfortunately there are no 
albedo or energy balance data locally at Lomonosovfonna for this year but for 2013, which 
will be investigated in the future work. Thermal conductivity is not solely dependent on the 
density but is basically a function of the inter-connection areas between the snow grains (e.g. 
Domine et al. 2011). This is partly dependent on the density but freeze-thaw cycles increases 
this area, even if the density change is small. Therefore one may expect that the relevant 
expression may change through time. The snow thermal conductivity can also be expressed as 
a function of density together with shear strength. Shear strength can be measured in the field 
by rotating the snow with a shear vane and finding the maximum torque. It can also be 
modelled, but this is outside the frame of this investigation. Not accounted for here is the 
process of wind packing of the snow (which will be buried after new snow fall). This 
effectively increases the thermal conductivity but is rather much related to the density alone 
(Sturm et al. 1997). The thermal conductivity of the firn can be more deeply investigated.  

It will not be possible to model ice-layers other than in the top snow layer, or layers, in the 
present versions of Noah-MP and CLM4. The thickness is too large to increase the density by 
refrozen liquid water. None of the snow schemes made it possible to increase the number of 
snow layers. What can be done is to change the layer thicknesses.  

Related to bullet 2 in the introduction are the different snow regimes on the glaciers. If 
possible, glacier ice should be taken into account below the ELA. There are algorithms 
available for quantifying the development of superimposed ice. To find bare ice (and no firn) 
may require height information in the snow scheme subroutine or a new glacier bare ice mask. 
In the Noah-MP snow schemes and with ERA-Interim as input glaciers are interpreted as tens 
of meters of snow and is in the initial step transformed to snow only in the snow model 
domain (1–5 m w.e. in this study) and firn in the soil domain (2 m thickness).  

The time frame limited the conclusions regarding the proper snow parameters. However, the 
work continues in the spring and will be presented in a submitted manuscript. Observations 
for more years and from other sites on Svalbard (e.g. Kongsvegen, Kronebreen and 
Holtedahlsfonna) will be used and more parameter set-ups will be investigated. Available 
energy observations will also help tuning the summer heat balance to provide better surface 
forcing of the snowpack. Further, the equilibrium level altitude (ELA) on the Svalbard 
archipelago will be estimated for the simulated year or years and compared to observed 
values. Albedo and snow products from MODIS satellite images may also be utilized to find 
snow lines.  

To conclude: 

• CLM4 is not suitable for high-resolution climate simulations. But for limited areas and 
periods it should be used as far as possible. Otherwise the Noah-MP scheme is useful, 
given the correct initialisations and snow parameters. 
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• In CLM4 the surface snow is heated by penetrating short wave radiation that is 
absorbed by the snow. This is probably why the summer snow temperature is much 
higher in CLM4.  

• The snow thermal evolution is very dependent on the thermal conductivity. The actual 
thermal conduction relation seems to be in between the investigated expressions by 
Yen (1965) and Sturm et al. (1997).  

• Liquid water does not penetrate sufficiently deep in Noah-MP. The latter may be 
related to too week heating at the surface, i.e. too high albedo and/or weak short wave 
penetration. 

• Snow scheme should cover 1–2 mwe and the soil/firn temperatures can be analysed 
together with the snow layers, which represents the seasonal snow. 

• If possible, glacier ice without firn, should be taken into account below the ELA. This 
may not be easily solved in the present snow scheme subroutine. 

• A coming manuscript will try to find the better WHC and thermal conductivity of the 
snow/firn since observed surface energy balance will be available. 
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