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ABSTRACT:  
Snow insulates and changes ice albedo, therefore the precipitation phase identification scheme is 
important when modeling lake and sea ice growth.  Precipitation phase separation schemes in 
coupled atmospheric-ice models are usually based on air temperatures but, snow fractions as a 
function of air temperature vary between models. Two examples of models which use 2-
temperature thresholds, one for all rain and one for all snow with a linear decrease in snow 
fraction in-between, are the CAM-3 model used by National Centre for Atmospheric Research 
NCAR and the coupled Ocean Sea-Ice Model for Earth Simulators (OIFES).  CAM-3 simulates 
50% snow at 0°C while OIFES simulates 0% snow at the same temperature.  Forty-five years of 
three-hour man-made precipitation phase observations for nineteen Swedish meteorological 
stations were used to compare different phase separation schemes. Observations of mixed 
precipitation were included (assumed to be half rain and half snow).  A larger fraction (about 
70%) of the precipitation was found to be snow at zero degrees as compared to the fractions 
simulated with the models mentioned above. This indicates that too large a fraction of the 
precipitation is classified as rain in these models. Consequently they underestimate the insulation 
of the snow as well as the albedo. For example, the reduction in (conduction driven) ice growth 
for a 0.5-m ice with 0.1-m low density (100 kg m-3) snow cover is about 90% compared to pure 
ice. Solar radiation absorption on the other hand is overestimated and this counterbalance might 
explain why the models perform fairly well with regard to ice growth even if the snow fraction is 
underestimated.   

INTRODUCTION: 
Precipitation phase determination: 
Correct identification of the precipitation phase (rain/snow) has long been recognized as crucial 
for the functioning of models that forecast snow melt floods, glacier and polar ice water balances, 
climate change and avalanche hazards (US Army Corps of Engineers, 1956; Braun, 1991; Roher, 
1994). Lately the importance of precipitation phase separation for boreal forest winter processes 
has been highlighted during the forest-snow-model-inter-comparison-project SnowMIP2 (2008) 
commissioned by the Cryospheric Sciences Commission. However, the influence of accurate 
precipitation phase identification on ice growth rate hasn’t attracted as much attention even with 
studies suggesting that snow on top of sea ice plays a major role in shaping the seasonal growth 
and decay of the Antarctic ice sheet (Fichefet and Morales-Maqueda, 1999). 
 
Precipitation separation schemes are reviewed by Feiccabrino and Lundberg, (2009). They 
discuss schemes based on a) one single air temperature threshold, b) two air temperature 
thresholds: one for all snow and one for all rain, c) dew point and wet bulb temperature 
thresholds and d) modifications of the schemes above.  
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When the precipitation phase is determined by a Two Temperature Threshold Scheme (TTTS), 
the snow fraction (SF) is estimated using temperature thresholds, one above which all 
precipitation is assumed to be rain (TR), another below which all precipitation is assumed to be 
snow (TS). The snow fraction is then assumed to decrease linearly between these two thresholds:   
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The coupled Ocean Sea-Ice Model for Earth Simulators (OIFES) (Komori, et al. 2005) and the 
CAM-3 model used by National Center for Atmospheric Research NCAR both use a TTTS 
(Collins et al. 2004). Feiccabrino and Lundberg (2009) also proposed two such schemes, both 
with a simulated snow fraction of 50% at 1.0 (°C).  
 
Threshold values used by the TTTSs differ (Table 1), resulting in different snow fractions for the 
temperatures near 0°C, which may account for a large amount of the winter precipitation in 
climates with lake and sea ice. For example, in the Swedish study reported here 44% of the 
annual precipitation fell in the temperature range -5 to +5°C and 31% in the range -3 to +3°C. An 
incorrect precipitation phase scheme can thus lead to significant amounts of misclassified 
precipitation.  
 
Table1. Simulated snow fraction (SF) at 0°C and 1°C are shown for four Two-Temperature 
Threshold Schemes (TTTS), with different rain (TR) and snow thresholds (TS) and two more 
advanced schemes (Class 3.1 and LTU exponential). 
 Simulated SF at 
 

 
Study 

 
Model name 

 
TS(°C) 

 
TR (°C) 0(°C)  1(°C) 

A Collins et al. (2004) CAM-3* -5 0 0.00 0.00 
B Komori et al. (2005) OIFES -5 5 0.50 0.40 
C Feiccabrino and Lundberg (2009) LTU wide -2 4 0.67 0.50 
D Feiccabrino and Lundberg (2009) LTU narrow -1 3 0.75 0.50 
E Feiccabrino and Lundberg (2009) LTU double exponent. - - 0.90 0.47 
F Bartlett et al., (2006) Class 3.1 - - 1.00 0.89 
* The model allows for other threshold values but these are the current settings reported 
 
The Canadian Land Surface Scheme CLASS version C3.1 includes a more elaborate rain/snow 
separation polynomial scheme (Bartlett et al. 2006) based on measurements by Auer (1974). The 
snow fraction is there determined from the air temperature T by:  
 
SF = 1 for T<-5°C¸   SF = 0 for T>+5°C   
SF = 1+0.04666T-0.15038 T2-0.01509T3+0.0204T4-0.00366T5+0.0002T6  for  -5°C≤T≤ 5°C    (2) 
 
Feiccabrino and Lundberg (2009) presented a similar polynomial relationship between SF and air 
temperature (T) (Figure 1). Here these observations are described by a double exponential 
relationship:  
 
SF = 1 for T< -5°C¸  SF = 0 for T>+5°C  
SF = exp(-0.00008579*max [0,(T+7.5045)4.197]) for -5°C ≤ T ≤ 5°C (3) 



Modeled SF as functions of air temperature for schemes A to F are shown in Figure 1. The SF 
differs clearly between the models; the highest snow amounts are simulated with scheme F used 
in Class 3.1 while CAM-3, scheme A, simulates far less snow than the other schemes (Figure 1). 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

-5 -4 -3 -2 -1 0 1 2 3 4 5
Air temperature (oC)

Sn
ow

 fr
ac

tio
n 

S

A

B

C

D

E

F

 
Figure 1. Snow fraction (SF) versus air temperature for four Two Temperature Threshold Schemes 
(A to D), and two more advanced schemes; LTU-double exponential (E) and Class 3.1 (F).  
 
Ice growth processes:  
The formation of ice in lakes and in the oceans differs. Sea ice, like river ice, is first formed as 
frazile ice, small ice crystals (a few mm in diameter) produced in the sub-cooled water. In calm 
waters, frazil crystals form a thin smooth ice layer eventually thickening to a more stable sheet 
with a smooth bottom.  If the sea is rough, the frazil crystals accumulate into slushy circular 
disks, called pancake ice (because of their shape). Eventually, the pancakes stick together to form 
a coherent ice sheet with a rough bottom. If the ice is thick and the motion strong, the sea ice 
bends and fractures piling up on itself to form ridges. Ridges up to 20 m thick have been 
observed in the Arctic (NSIDC, 2008). 
 
Lake and sea ice in calm waters form as smooth sheets. The prime driving force for this ice 
growth is heat conduction through the ice. The energy exchange at the surface is composed of 
radiation exchange (short wave and thermal), phase change at the surface (melt/refreezing or 
condensation/sublimation), advection by precipitation, convection and conduction through ice. 
 
Different precipitations phase separation schemes simulate different amounts of snow. Ice growth 
is sensitive to the presence of snow on the ice. This study aims to discuss the possible effects of 
poor precipitation phase schemes on the accuracy of lake and sea ice models. The objective is to:  
 
 illustrate how observed snow fractions vary with air temperature  
 estimate the precipitation fraction misclassified by the different phase separation schemes 

mentioned above (neglecting possible effects of gauge under catch)  
 discuss how misclassified precipitation influences  conduction driven ice growth.  

 
The surface processes influencing ice growth (radiation exchange, evaporation, condensation, 
advection and convection) are not discussed.  The ice albedo is clearly influenced by snow cover 
however, detailed effects of albedo are beyond the scope of this study. Discussions of the effects 
of different ice albedo can be found in e.g. Køltzow, (2007) and Alison et al. (1993). 



MATERIALS AND METHODS: 
First the method used to determine the precipitation phase as a function of air temperature is 
explained, followed by a description of how the accuracy of the phase separation schemes is 
judged. Finally, the relation between reduction in ice growth, snow density and relative snow 
pack depth (the ratio between snow depth and ice thickening) is depicted.  
 
Determination of precipitation phase: 
Three-hourly observations from 1961 to 2006 (45 years) 
for nineteen Swedish weather stations (Figure 2) were 
used for the study.  The observations consisted of date, 
time, average air temperatures, total precipitation and 
type of precipitation (rain, snow or mixed). Freezing 
rain was considered snow as it freezes on contact. Gauge 
reported precipitation was used without correction and 
only observations with more than 0.1 mm of water 
equivalent precipitation were used. Mixed precipitation 
in Sweden accounts for 16% of total precipitation and 
mostly occurs between the temperatures of -2˚C and 4˚C 
with a maximum at 1˚C (Feiccabrino and Lundberg, 
2007).  Mixed precipitation events were assumed to be 
50% rain and 50% snow. 
     The fraction of observed snow (plus half of the 
mixed precipitation) was plotted verus air temperature 
and compared to the fraction of snow determined with 
the phase separation schemes listed in Table 1.  
 
Assessment of phase separation schemes:  
Precipitation phase classification schemes were judged using the approach in Kongoli and Bland 
(2000). Total error (fraction misclassified mass) was the sum of the observed snow classified as 
rain plus observed rain classified as snow divided by total observed precipitation.   
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Snow error was the sum of misclassified snow divided by total observed precipitation. 
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The rain error was determined in a similar way. 
 
For temperatures where the phase change of precipitation is most prevalent (-5.0°C to 5.0°C) the 
performance of each scheme was judged by the  
i) percent of total misclassified precipitation (Equation 4),  
ii) correlation coefficient and The Root Mean Square Error (RMSQ)  between the observed SF 

and the SF determined by each scheme 

 
 
 
 
 
 
 
 

Figure 2: Map of Sweden with the 
location of weather stations marked. 
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iii) percent change from the expected percentage of snowfall (Equation 5) and rain.  
Thermal conductivity of snow ice/system and reduction in ice growth: 
Thickening of an ice sheet is dependent on conductivity driven energy exchange from the water 
below to the air above the ice and it is known that the conduction through the ice is reduced when 
the ice is covered by snow.  This section will help define how conduction is related to snow depth 
and snow density.  For this purpose expressions of how snow thermal conductivities change with 
snow densities are needed.  It is also known that fresh snow densities are influenced by air 
temperature at the time of snowfall and with age as the snowpack settles.  Therefore expressions 
for the change in snow density with air temperature and an adjustment to increase snow-pack 
density with time is needed, but the settling effects are not dealt with in this study.       
 
The ice growth due to heat conduction is proportional to the thermal conductivity of the 
conducting material. The thermal conductivity of old snow Ks is about one order of magnitude 
lower that that of fresh ice KI.   The model CAM 3.0, e.g uses KS = 0.31 and KI = 2.03 (W m-1 K-

1) (Collins et al. 2004).  The ice growth rate is therefore reduced when covered by snow. The 
conductivity of a two layer snow/ice system KS/I with conduction perpendicular to the layers is 
calculated by the geometric mean where snow thickness is DS and ice thickness is DI: 

 
 
 (6) 

 
The decrease in ice growth for snow covered ice as compared to that of pure ice can therefore be 
estimated from the ratio KS/I/KI.  The equation above can be rewritten for quantifying the snow/ice 
system conductivity KS/I as a function of the ratio between snow and ice depths DS/DI:   
 
 
 
 (7) 
 
 
For an ice sheet with a snow cover one tenth of the ice thickness and the thermal conductivities 
mentioned above; the KS/I = (1 + 0.1/1)/(1/2.03 + 0.1/(1 * 0.31)  = 1.35 (W m-1 K-1) as compared 
to pure ice where KI = 2.03 (W m-1 K-1).  The conductivity for the snow/ice system is thus 
reduced by 33% [(2.03-1.35)/2.03], resulting in a corresponding reduction of the ice growth.  
 
Snow thermal conductivity relation to snow density:  
High density snow generally has a higher thermal conductivity than low density snow (even if the 
spread is large). Therefore, the snow density (ρS) is needed to determine KS.  Sturm et al. (1997), 
suggests the following relationship between KS and ρS (based on 488 measurements):  
 

652.165.210 −= S
SK ρ  (8) 

 

Fresh snow density relation to air temperature: 
The density of fresh snow ρFS (g cm-3) as a function of air temperature (T) was estimated by the 
expression used by Class C3.1 (Bartlett et al. 2006):  
 
ρFS = 0.06792 + 0.05125*exp (T/2.59) for T <0°C;   ρFS = MIN(0.2; 0.1192 + 0.02*T) for T >0°C  (9) 
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RESULTS: 
Precipitation phase classification: 
The observed fractions of pure snow, mixed precipitation and pure rain versus air temperature for 
all 19 stations between -5 to 5°C are show in Figure 3a.  The proportion of mixed precipitation 
was large in this temperature region, with the largest fraction (almost 70%) at 1°C.  The amount 
decreases quickly in both temperature directions to about 50% at 0°C and 2°C and for 4°C and -
2°C the mixed fraction was about 20%. 
 
The snow fraction (SF) determined by assuming half of the mixed precipitation to be snow is 
shown in Figure 3b.  The double exponential relation (Equation 3) fitted to the observations 
agrees rather well even if it overestimates the SF slightly for temperatures between -4°C and -5°C.  
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Figure 3a. Observed fractions of snow 
(white), mixed precipitation (grey) and rain 
(black) versus air temperature  

Figure 3b. Observed SF (snow plus 1/2 mixed 
precipitation) vs T with the double exponential 
relation fitted to the observations (Equation 3) 

Table 4. The correlation coefficients and RMSQ between modeled and observed SF (snow plus 
1/2 mixed precipitation), along with percent snow classified as rain,  percent rain classified as 
snow and total misclassified precipitation for schemes A to F between -5°C and 5°C. The grey 
squares indicate optimum values while the bold values are the poorest fit.  

Scheme 
TS  

(°C)  
TR  

(°C) Correlation RMSQ 
Observed snow 

classified as rain (%)
Observed rain classifie

as snow (%) 
Total misclassified 
precipitation (%) 

A -5 0 0.781 0.40 34.2 0.1 34.3  
B -5 5 0.967 0.13 9.5 0.4 9.9  
C -2 4 0.994 0.06 2.2 3.0 5.1  
D -1 3 0.992 0.10 3.8 4.7 8.5  
E - - 0.996 0.03 1.2 1.4 2.6  
F - - 0.929 0.20 0.2 15.2 15.4  

 
For the three phase separation schemes C, D and E the correlation coefficient R2 between 
observed and modelled SF is high (above 0.99), the Root Mean Square Error (RMSQ) is low (up 
to 0.1) and he total misclassified precipitation is less than 9% (Table 4). Scheme E was found to 
be slightly better at precipitation phase identification than schemes C and D (only total 



misclassified precipitation 2.6%). Scheme B has a tendency to classify a higher proportion of 
observed snow as rain than observed rain as snow, while scheme F on the other hand has the 
opposite bias (classifying a higher proportion of the observed rain as snow than observed snow as 
rain).  Scheme A shows the poorest fit between observed and modelled precipitation phase (R2 = 
0.78, RMSQ = 0.40 and 34% total misclassified precipitation).  
 
New snowfall and mature snow’s density and thermal conductivity: 
The average density of snowfall at -3°C (0.08 g, cm-3) was less than half of the average density 
for snowfall at +3°C (0.18 g, cm-3) (Table 5).  The average density for snowfall at 0°C was 0.12 
(g, cm-3) (Table 5), while mature snow has an average density between 0.25 and 0.40 (g, cm-3).  
 
The average KS for snowfall between -2 and -1°C was estimated at 0.04 (W, m-1 K-1) while 
snowfall formed at higher temperatures (+4 to +5 °C) had nearly twice the KS (0.075  W, m-1 K-

1). Mature snow was found to have thermal conductivities ranging from 0.10 to 0.26 (W, m-1 K-1).  
These values are very low compared to the thermal conductivity of pure ice 2.03 (W, m-1 K-1).  
 

Table 5. Thermal conductivity for the snow/ice system (KS/I, W, m-1 K-1), reduction in ice growth 
(RIG, %), compared to pure ice, as a function of relative snow to ice depth DS/DI  and snow 
density (ρS).  The densities of fresh snow ρFS and the thermal conductivities of snow KS were 
calculated using the relationships presented by Bartlett et al. (2006) and Sturm et al. (1997) 
respectively. The ice thermal conductivity KI = 2.03 was used.   

T ρS KS DS/DI =  0.01 DS/DI =  0.05 DS/DI =  0.10 DS/DI = 0.15 DS/DI = 0.20 DS/DI = 0.40
(°C) (g, cm-3) (W, m-1 K-1) KS/I RIG KS/I RIG KS/I RIG KS/I RIG KS/I RIG KS/I RIG 
-3 0.084 0.037 1.33 35 0.57 72 0.35 83 0.25 87 0.20 90 0.12 94 
-2 0.092 0.039 1.35 34 0.59 71 0.36 82 0.26 87 0.21 89 0.13 94 
-1 0.103 0.042 1.38 32 0.62 69 0.38 81 0.28 86 0.23 89 0.14 93 
0 0.119 0.046 1.42 30 0.67 67 0.41 80 0.31 85 0.25 88 0.15 92 
1 0.139 0.052 1.48 27 0.72 64 0.46 78 0.34 83 0.28 86 0.17 92 
2 0.159 0.059 1.52 25 0.78 61 0.5 75 0.38 81 0.31 85 0.19 91 
3 0.179 0.067 1.57 23 0.84 58 0.55 73 0.42 79 0.34 83 0.22 89 
4 0.199 0.075 1.61 20 0.91 55 0.6 70 0.46 77 0.38 81 0.24 88 
5 0.200 0.076 1.62 20 0.91 55 0.61 70 0.46 77 0.38 81 0.24 88 

0.250 0.102 1.71 16 1.07 47 0.75 63 0.59 71 0.49 76 0.32 84 
0.300 0.139 1.79 12 1.23 39 0.91 55 0.73 64 0.62 69     
0.350 0.189 1.85 9 1.39 32 1.08 47 0.89 56 0.77 62     
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0.400 0.256 1.90 6 1.53 25 1.25 39 1.07 47 0.94 54     
 
Reduction in ice growth due to snow on ice:  
A very thin snow cover reduces the thermal conductivity of the snow/ice system (KS/I) when 
compared to pure ice and therefore reduces the ice growth rate. For a 0.5-m thick ice with a 5 mm 
low density (ρS = 0.08 g/cm3) snow cover (i.e. DS/DI = 0.01) the thermal conductivity goes from 
2.03 (W, m-1 K-1) for ice to 1.33 (W, m-1 K-1)(Table 5). The corresponding reduction in ice 
growth (RIG) is about 35%.  For a high density mature snow (ρS = 0.40 g/cm3) the KS/I with the 
same DS/DI would be reduced to 1.90 with a RIG of about 6%.  
 
Snow with higher densities also reduces the growth rate of ice, but larger relative snow depths are 
required to achieve a similar RIG to low density snow.  For example, a snow with density 0.35 



(g/cm3) has a RIG of 62% when DS/DI = 0.2, while a much lower DS/DI. of 0.05 is needed with 
low density snow to have a comparable RIG. 
 
The carrying capacity of ice depends on ice thickness. Too heavy snow load can depress ice 
below the sea or lake level.  When ice buoyancy is suppressed by the combined weight of snow 
and ice, water will penetrate through cracks in the ice soaking the snow. If re-frozen, the soaked 
snow will thereafter behave more like ice than snow.  This is why the KS/I and RIG are not given 
for high snow densities with large DS/DI ratios (Table 5).  

DISCUSSION: 
Differences in precipitation phase over land and water surfaces: The precipitation observations 
were made over land surfaces and it can be questioned weather the conditions over lakes and 
oceans are the same as over land surfaces. However no trends were detected in regards to the 
distance from the station to the sea. This indicates that the relationship between precipitation 
phase and temperature should not differ between land and water surfaces. 
 
Influence of precipitation gauge under catch: No correction for gauge under-catch of 
precipitation due to wind errors was performed. These errors can range from 2-14% for rain and 
from 5-80% for snow depending on gauge type, gauge exposure to wind, wind speed and air 
temperature (Kokkonen et al. 2006).  The wind errors for rain and snow are usually similar in the 
temperature span we are investigating since wet snow approaches the density of rain at near 
freezing temperatures. Thus, precipitation missing the gauge will affect the total amount of 
precipitation in model output more than it will affect the type of precipitation.   
 
Assumption that mixed precipitation consists of equal amounts rain and snow: The approach of 
considering mixed precipitation as half rain and half snow might be too simple but research into 
mixed precipitation fractions of liquid and frozen precipitation by temperatures was not found.   

Relationships between air temperature, fresh snow density and snow thermal conductivity: 
Empirical relationships between air temperature, fresh snow density and snow thermal 
conductivity (KS) are used to estimates the reduction in ice growth (RIG) due to snow cover. 
However, surface air temperature is not the only influence on snow density.  Snow density also 
depends on other factors e.g. the air temperature in the atmosphere while KS, a variable in the 
snow density estimation, is influenced by snow grain-size and the bonding between grains.  The 
thermal conductivity and RIG values presented in Table 5, are therefore approximate estimates.  
 
Albedo and compensating errors in models: When snowfall is underestimated due to a poor 
precipitation phase separation scheme the snow/ice system albedo will also be underestimated 
since snow has a higher reflectivity than ice. Underestimated short wave reflectivity will lead to 
overestimation of the absorbed short wave radiation and therefore an overestimation of accessible 
energy.  This is an example of a common phenomenon in hydrological and other models called 
compensating errors (Seibert, 1999).  When a model is calibrated against just one variable (in this 
case the ice thickness) the model allows for compensating errors i.e. one error in the model 
producing values that are to large is compensated by another error generating values that are too 
small. Improving the way a model determines one process such as e.g. the precipitation phase 
might make a model perform worse, unless other model parameters are re-calibrated. 
 



Future research: It would be interesting to perform a study where the fractions of liquid and 
frozen precipitation in mixed precipitation were directly measured by some dielectric method. 
Lundberg and Gustafsson, (2009) tested the sensitivity of forest and open field snow packs to 
precipitation phase separation schemes. It would be valuable to make a similar study for lake and 
sea ice models.   

CONCLUSIONS: 
Ice growth is influenced by the presence of snow making precipitation phase separation important 
for ice modeling. Observed snow fraction (SF) based on forty-five years of three-hour man-made 
observations from 19 Swedish meteorological stations can be described by the following double 
exponential relationship based on air temperature T (-5°C ≤ T ≤ 5°C) with less than 3% 
misclassified precipitation:   
 
SF = exp(-0.00008579*max [0,(T+7.5045)4.197])  
 
The relationship between air temperature and snow fraction used in the CAM-3 model by the 
National Centre for Atmospheric Research NCAR (Collins et al. 2004)  seems to greatly 
overestimate the amount of rain with 34% observed snow classified as rain in the air temperature 
span -5°C to +5°C.  
 
Snow on ice greatly reduces the ice growth due to reduced heat conduction.   A snow pack on top 
of the ice having a depth one tenth of the ice depth reduces the heat conductivity driven ice 
growth by about 75% to 40% for the snow densities 0.15 to 0.40 g cm-3 respectively.  Also very 
thin low density snow covers can reduce the growth substantially. For example; a snow pack 
having a thickness of only one hundredth of the ice depth reduces the conductive ice growth by 
about 25% if the snow has a density of 0.15 g cm-3.  
 
If rainfall is overestimated the ice albedo will be underestimated and the solar radiation 
absorption therefore overestimated. This counterbalance might explain why models such as e.g. 
CAM-3 work fairly well with regard to ice growth even if the snow fraction is underestimated.   

Acknowledgements: This study was founded by the Swedish Science Council project: Global 
climate models: Snow forest processes. David Gustafsson, KTH, Stockholm is acknowledged for 
the suggestion to present the relationship between snow fraction and air temperature by a double 
exponential function.  

REFERENCES: 
Allison, I. Brandt, R E and Warren SG. 1993. East Antarctic sea ice: albedo, thickness 

distribution and snow cover. Journal of Geophysical Research 98: 12417-12429. 
Auer AH. Jr. 1974. The rain versus snow threshold temperatures. Weatherwise 27 : 67. 
Bartlett PA, MacKay MD, Verseghy DL. 2006. Modified snow algorithms in the Canadian land 

surface scheme: model runs and sensitivity analysis at three boreal forest stands. Atmosphere-
Ocean 44 (3) : 207-222. 

Braun L. 1991. Modeling of the snow-water equivalent in the mountain environment. Snow, 
Hydrology and forests in high alpine areas, Proceedings of the Vienna Symposium, August 
1991 (Bergman, H. et al. Eds.), IAHS Publ. 205: 3-18. 



Collins, WD. Rasch, PJ. Boville, BA. Hack, JJ.  McCaa, JR. Williamson, DL. Kiehl, JT. 
Briegleb, B. Bitz, C. Lin, S-J. Zhang, M. and  Dai, Y. 2004. Description of the NCAR 
Community Atmosphere Model (CAM 3.0) NCAR/TN-464+STR NCAR TECHNICAL 
NOTE. http://www.ccsm.ucar.edu/models/atm-cam/docs/description/ 

Fichefet T, Morales-Maqueda MA. 1999.  Modelling the influence of snow accumulation and 
snow-ice formation on the seasonal cycle of the Antarctic sea-ice cover. Climate Dynamics 
15: 251–268. 

Feiccabrino, J. and Lundberg, A.  2009 Optimizing precipitation phase discrimination through a 
climatologically study. Proceedings from Eastern Snow Conference, Fairlee (Lake Morey), 
Vermonth, USA May 2008.  

Fieccabrino J. and Lundberg A. 2007. Precipitation phase discrimination by dew point and air 
temperature. Proceedings from Western Snow Conference, Kona Hawai, US. April, 16-19, 
2007, (McGurke, B, ed.)  pp 141-145.  

Kokkonen T, Koivusalo H, Jakeman A, Norton J. 2006. Construction of a degree-day snow 
model in the light of the “ten iterative steps in model development”. Department of 
Mathematics, Australian Natl. University. 

Komori, N. Takahashi, K. Komine, K. Motoi, T. Zhang, X. and Sagawa, G. 2005. Description of 
Sea-Ice Component of Coupled Ocean–Sea-Ice Model for the Earth Simulator (OIFES).  
Journal of the Earth Simulator 4: 31-45. 

Kongoli, CE. Bland, WL. 2000. Long-term snow depth simulations using a modified atmosphere-
land exchange model. Agricultural and Forest Meteorology 104 (4): 273-287. 

Køltzow, M. 2007. The effect of a new snow and sea ice albedo scheme on regional climate 
model simulations, Journal of Geophysical Research 112, D07110, 
doi:10.1029/2006JD007693. 

Lundberg A. and Gustafsson D. 2009. Sensitivity of snow process simulations to precipitation-
phase transition method in forested and open areas. Abstract accepted and oral presentation  
EGU General Assembly 2009. Session HS5.13.Vienna, April 2009.   

NSIDC National Snow and Ice Data Center (Content source); Duffy JE (Topic Editor). 2008. Sea 
ice. In: Encyclopedia of Earth. Ed. Cleveland C. J. (Washington, D.C. Environmental 
Information Coalition, National Council for Science and the Environment). [First published in 
the Encyclopedia of Earth March 10, 2008; Last revised Sept. 2, 2008; Retrieved Dec. 15, 
2008]. <http://www.eoearth.org/article/Sea_ice> 

Rohrer MD. 1989. Determination of the transition air temperature from snow to rain and intensity 
of precipitation. WMO TD No.328, Internat. Workshop on Precipitation Measurement 
(Sevruk, B. Ed.), St. Moritz, Switzerland, Instruments and Observing Methods Report 48: 
475–482. 

Seibert J. 1999. Conceptual runoff models - fiction or representation of reality. Doctoral Thesis. 
Uppsala University, Acta Universitatis Upsaliensis 436 

Sturm, M. Holmgren, J. König, M. and Morris, K. 1997. The thermal conductivity of seasonal 
snow. Journal of Glaciology, 43:26-41. 

US Army Corps of Engineers, 1956, Snow Hydrology, summary report of the snow 
investigations, North Pacific Division, Corps of Engineers, US Army, Portland, Oregon 437 
pp.  

SnowMIP-2. 2008. Snow Model Intercomparison Project for forest snow processes. Last updated 
17 January 2008. Accessed: 30 Dec 2008, http://xweb.geos.ed.ac.uk/~ressery/SnowMIP2.html 


