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De-icing chemicals (containing 1,2 propane diol and potassium acetate) used on 
airports in winter time mix with snow and start infiltrating along the runways in 
spring. The distribution of the chemicals over the area, and the infiltration pat- 
tern during the snowmelt period will strongly affect the efficiency of the unsatu- 
rated zone for degradation of these chemicals before entering the groundwater. 
Transport of de-icing chemicals and tracers in the unsaturated zone was studied 
in a lysimeter trench at Gardermoen, Norway during the snow melt periods of 
1994 and 1995. Simultaneously, volumes of meltwater were registered from 
melt plates. Observations in 1994 indicated a typical diurnal process in contrast 
to observations in 1995 where large volumes of meltwater entered from each 
melt plate within a limited number of days. Temperature seemed to be the main 
regulating factor and cause for the observed differences between years. The 
overall melt pattern was well captured by a simple model based on air tempera- 
ture and global radiation. Large differences in melt volumes collected from melt 
plates on the surface indicated a spatially variable drainage pattern strongly re- 
lated to micro-topography. Infiltration rates estimated from breakthrough curves 
of tracers moving through the unsaturated zone at the same location were in the 
same order of magnitude as drainage rates found from melt plates. 

Introduction 

The new main airport at Gardermoen, Norway will use large quantities of chemicals 
for de-icing runways and aeroplanes throughout the winter season (October-April). 
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The chemicals potassium acetate (KAc) and 1,2 propane diol (PG) are the main 
constituents of the de-icing chemicals Clearway 1 and Kilfrost. By the process of 
mechanically removing snow from the runways, and by the drift of chemicals from 
the aeroplanes at take-off, the de-icing chemicals are mixed with snow and infiltrate 
at the soil surface along the runways when the melt begins about April. Most of the 
groundwater recharge in this area occurs during the snow melt period (Jorgensen 
and Ostmo 1990). Furthermore, this is the time when the chemicals may enter soil 
and groundwater. Hence, the infiltration process during this period is of great impor- 
tance. 

We examine the heterogeneity of the drainage pattern over an area of approxima- 
tely 68 m2, at a field site near the new main airport at Gardermoen. Heterogeneity on 
such a small scale is relevant in situations similar to the airport situation as the 
potential groundwater pollutants will have a limited distribution. If a heterogeneous 
melt pattern causes variations of the infiltration it may affect the fate of de-icing che- 
micals in the unsaturated zone. It has been shown that soil can be an adequate rins- 
ing medium for water containing de-icing chemicals (Efraimsen and Laake 1992; 
French et al. 1996 a). The concentration of the chemicals in the infiltrating water, 
soil temperature and the density of biologically active sites are important factors for 
the efficiency of the degradation in soil (Bunnell et al. 1977; French et al. 1996 a; 
Mgrkved 1998). Several experiments have shown that concentrations are highest in 
the first melt water that comes from snow containing pollutants, for instance ions 
and de-icing chemicals (Johannessen and Henriksen 1977, 1978; French et al. 1996 
b). It is therefore relevant to know the infiltration distribution of the first meltwater. 
Two-dimensional simulations of transport in heterogeneous permeability fields have 
shown the presence of preferential flowpaths in this type of soil even with a homo- 
geneously distributed infiltration over the surface (French et al. 1996 c). A hetero- 
geneous infiltration pattern (caused by restricted infiltration by ice and ground frost) 
may further reduce the volume taking part in the water flow. A reduction in the num- 
ber of preferential flowpaths and higher velocities through the unsaturated zone de- 
termines the degree of degradation at the groundwater level. Correlations between 
measurements above and below the melting snowcover, and between the snow melt 
pattern and the micro-topography have been examined. All melt water is infiltrated 
locally as the area is flat and the soil has a large hydraulic conductivity. Ground 
frost, small differences in elevation (in the order of cm) and basal ice can however 
give local redistribution of melt water. 

Snow melt and infiltration during the melt season is a complex process because it 
involves coupled heat and mass flow with phase changes. The climatic history of the 
snow-cover will affect the internal structure of the snow and the formation of ice 
layers or lenses within the snowpack, which in turn can give lateral flow of melt wa- 
ter (Gerdel 1954; Tseng et ul. 1994). This will also affect the formation of ice lens- 
ing in the soil (Konrad and Duquennoi 1993). As the snowpack is a continuously 
changing medium, because of varying energy fluxes above and below the snowpack, 
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it is difficult to monitor the various physical parameters determining the flowpattern. 
Various one-dimensional models have been developed which couple physical pro- 
cesses in the snow pack and in the ground: SOIL (Jansson 1991); SHAW (Flerchin- 
ger and Saxton 1989); FROST (Benoit 1974; Benoit and Mostaghimi 1985). The 
models have shown more or less good agreement with field data (Kennedy and 
Sharratt 1997). Such models however are unable to predict heterogeneous melt pat- 
terns and lateral flow. Tseng et al. (1 994) developed a theoretically based model in 
two dimensions and simulated various heterogeneities within the snowpack. Models 
simulating snow melt infiltration have also been developed (Zhao and Gray 1997). 
One of the general conclusions from this work was that a transient regime at the be- 
ginning of infiltration was followed by a quasi steady state regime with a diurnal 
melt cycle. Practical problems in field work includes describing the snow-water 
characteristic curves as a function of time, quantifying snow grain sizes as a function 
of position and time etc. Several factors can explain a heterogeneous infiltration 
pattern during the melt season: heterogeneities within the snowpack, micro-topo- 
graphy underneath the melting layer of snow and variable frost layer in the ground 
below the melting snow cover. Focused recharge has been observed on silty soil at 
several locations (Baker and Spaans 1997; Knuteson et al. 1989; Derby and Knigh- 
ton 1997). At these sites the focused recharge and ponding were mostly explained by 
topographical effects and the reduced permeabilities caused by ground frost and a 
thin ice layer on the ground surface. A large variation in runoff and soil percolation 
during the melt period was also observed by Johnsson and Lundin (1991). 

This work was aimed at quantifying the redistribution of melt water that occurs 
during snow melt caused by small scale differences in surface elevation and ice for- 
mation on the surface. Melting rates observed on the surface and infiltration rates in- 
directly estimated from breakthrough curves of tracers measured at 35-90 cm depth 
are compared to show how the processes are related. 

Method 

The experimental site, Moreppen, is located in a flat, partly forested area with coar- 
se glaciofluvial sediments (French et al. 1994). The geology is further documented 
in Ibstmo (1976) and Tuttle (1997). During the experimental periods of 1994 and 
1995 we monitored melting underneath the snow cover, tracer transport, soil tempe- 
ratures and soil water tension in the unsaturated zone, as well as climatic factors, 
such as air temperature, precipitation, global radiation and wind. A detailed map of 
the micro-topography next to the instrumentation was also made. 

Before the winter season of 1993/94, one melt plate was placed on the ground sur- 
face next to the lysimeter trench (next to area C in Fig. 1) to monitor the snow melt 
during the transport experiments performed in the unsaturated zone during the melt 
period of 1994. The next year before snow fall, eight plates where placed in a regu- 
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Fig. 1. System for collecting melt water (a and b). Ten collecting plates were placed as indi- 
cated, potassium acetate (KAc) and 1,2 propane diol (PG) were added to snow above 
plates as shown (a) and melt water drained through copper pipes (b). Collecting plates 
were 20 x 25 cm2, with edges 2 cm high. Along the north and south walls of the lysi- 
meter trench 40 and 30 suction cups are installed accordingly. Suction cups are install- 
ed horizontally and depths from the surface are indicated (c). Areas A, B and C refer 
to areas where the spatially varying melt pattern has been described. 

lar grid within area A (Fig. 1) and two plates west of the trench covering a total area 
of 68 m2. The collecting plates made of steel were 20 by 25 cm, with edges 2 cm 
high (Fig. 1). The plates had an angle of 1 :24 towards a drainage hole 1 cm in dia- 
meter. A coarse filter (holes 2.2 mm in diameter, 1.5 mm apart, one bigger hole in 
the centre 1 cm in diameter) was placed on each plate to avoid particles blocking the 
drainage hole. Copper pipes lead the melting water through a 50 cm deep trench 
with a heating cable into the lysimeter trench which remains above freezing point 
throughout the winter season. Each pipe ended in a 10 litres collecting can. No suc- 
tion was applied to the plates. No chemicals were applied above the melt plate in 
1994, while chemicals were applied to the snow above some of the plates in 1995. 
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This may have affected the initial time of the melt. Concentration of chemicals in 
melt water is further documented in French et al. (1996 b). 

Micro-topography 
The micro-topography of the surface around the melt plates and above the lysimeter 
walls was registered in a dense grid of measuring points. The separation of grid lines 
ranged from 10 to 40 cm in both directions. The relative elevation at 889 points was 
registered and the correlation structure analysed by semivariogram modelling in Va- 
riowin (Pannatier 1994). 

Monitoring of Water and Solute Movement below the Ground Surface 
To ascertain whether the drainage values registered at the melt plates represent actu- 
al infiltration values, flow through the unsaturated zone at the same location was 
monitored. The transport of inactive tracers, through the unsaturated zone was studi- 
ed in a lysimeter trench at the same site (Fig. 1)  (French et al. 1996 a). Changes in 
concentration of tracer in the passing soil water was monitored by continuously ex- 
erting a suction of 0.2 bars to 70 suction cups and sampling every week during the 
melt period. Suction cups were placed in two different walls at depths from 35-240 
cm. From breakthrough curves observed at 35-90 cm depth it is possible to obtain an 
independent measure of the infiltration rates. By comparing drainage volumes obta- 
ined from melt plates and estimated infiltration from breakthrough curves, we assess 
whether or not the observed drainage pattern on the surface is reflected in the soil in- 
filtration. The programme CXTFIT (Toride et al. 1995) is a code for estimation of 
transport parameters from laboratory or field tracer experiments. It was used to esti- 
mate pore water velocities, v in Eq. (1) from breakthrough curves of tracers (Cl- in 
'94 and Br- in '95) found from 16 suction cups (spread out over lm parallel to the 
lysimeter trench at 35 and 85 cm depth in the north wall and at 40 cm depth in the 
south wall). The distance from the wall to the suction cups is increased by 10 cm for 
each successive depth (Fig. 1 c), therefore the two top layers represent an area of lm 
x 0.2 m. Assuming steady state conditions and a homogeneous soil in the top part of 
the soil profile the simple relation 

where v is pore water velocity, P is precipitation and n, is water filled porosity, was 
used to get an estimate of P (in this case as a measure of the infiltration rate). Zhao 
and Gray (1997) showed that quasi steady state prevailed during snow melt infiltra- 
tion. The assumption of homogeneity will be discussed later. Soil tension at 50 and 
80 cm depth was measured continuously during the melt period of 1995, soil tempe- 
ratures were measured at 5 depths from 40 to 240 cm depth during the period July 
1994 to June 1995 and soil water content was measured in three vertical profiles at 
various times in April 1993 and 1994 (Kitterad et al. 1997). An average soil water 
content of n, = 0.2 was used in Eq. (1). 
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Simulations with Melt Function in SOIL 
A simple model was chosen to describe the melting of the snowpack during the ex- 
perimental period. SOIL is a one-dimensional transport model for soil water and 
heat conditions (Jansson 1991), which also includes a snow melt function. As the 
Penman estimated evaporation during both melting periods was less than the preci- 
pitation it has not been considered here. Daily amount of snow melt, M (mmd-I), is 
described by three parts: a temperature function MT, a function accounting for solar 
radiation MR, and soil surface heat flow qh(0) 

Where T, is air temperature, Ri, is global radiation, qh(0) is heat flux through the soil 
surface and Lf is the latent heat of freezing (3.34E+05 Jkg-1). The heat flux is positi- 
ve going from air to soil and negative in the opposite direction. Reflection of short- 
waved radiation decreases with increasing age of the snow. The melt rate is therefo- 
re a function of the age of the snow, tag,, which is defined as the number of days sin- 
ce last snowfall larger than 5 mm, for which the temperature was less or equal to 1.6 
"C. 

mRmin, sl, s2 are parameters where mRmin is the minimum value of global radiation 
influence in snow melt function (1.5E-07 mmJ-1) which means 6.67 MJ is required 
for melting the snow equivalent of lmm , sl is the radiation factor for old snow with 
a recommended default value of 2 which means 2.2 MJ is the energy needed to melt 
1 mm of water, s2 is the snow age coefficient, with a recommended value of 0.1. The 
temperature dependence, MT, is described by 

where mr,  is the temperature coefficient in the snow melt function (mmd-1°C-1). A 
value of mT 2 is recommended by Jansson (1991) for forested areas, this coeffici- 
ent was adjusted to 2.64 to fit the results of 1994. The same value was used for 1995. 
Parameter mf is the refreezing efficiency coefficient in the snow melt function (m), 
which regulates which depth of snow is necessary for an efficient refreezing to oc- 
cur. Azsnow is the snow depth. The recommended value of mf is 0.1 m which means 
that the refreezing is more efficient when the snow depth is less than 0.1 m. Assu- 
ming a total cover of snow and absence of ground frost the heat flux at the soil sur- 
face qh(0) (Jm-2d-I), can be estimated in one dimension from the temperature gradi- 
ent in the soil 
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Where K is the thermal conductivity. A tabular value of 1.5 x 105 Jm-Id-l°C-1 for 
sand with a volumetric water content of 0.2 was chosen (Hillel 1982). The sensitivi- 
ty of Eq. (2) to tdmperature, solar radiation and heat flux at the soil surface was test- 
ed. All parameters were kept constant the two years. 

Results and Discussion 

Both years, the melt occurred during April after a winter with a stable snow cover. 
Still, the melt periods of 1994 and 1995 represented two "extreme" situations. A di- 
urnal melt pattern was clearly observed from the melt plate in 1994 while this was 
not the case in 1995. In 1994, daily average temperatures increased throughout 
April, in 1995, temperatures fluctuated more and were below freezing on several oc- 
casions during April (Fig. 2). This gave rise to structural changes in the snow pack 
throughout the melt. In 1995 the warmer periods seem to correspond with the melt 
flushes observed from the melting plates (Fig. 3). 
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".  - - - - 9 

10 
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Fig. 3. Cumulative average (thick line) and individual volumes of melt water from plates 
KAc-1, KAc-2, KAc-7, PG-8,9, 10 
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Table 1 - R squared values of linear regression analysis. 

Air temperature Soil tension 
1994 1995 1995 

Melt volume 0.99 0.5 1 0.73 
Air temperature 0.47 

Correlations between Observations on and below the Ground Surface 
Correlation analysis and linear regression between various parameters were used to 
examine the data (Table 1). This was done as previous work done on thermal pro- 
perties of soil and in the field of snow hydrology (e.g. Kersten 1949 and Anonymous 
1956) has shown various mechanistic and empirical relations between factors such 
as snowmelt, radiation, heat flux at the soil surface and so forth. An example of a 
combination of mechanistic and empirical relations is formulated in the melt func- 
tion of the model SOIL Eq. (2). 

A good correlation between air temperature and melt volumes was observed for 
the data from 1994, the reduced correlation in 1995 is explained by more fluctuating 
temperatures, and temperatures below 0°C occurring throughout the whole melt pe- 
riod (Fig. 2). The single tensiometer and the melt plates were separated by several 
metres, still a linear fit of average melt volumes versus tension gave a good correla- 
tion (Table 1). This could indicate a less heterogeneous infiltration process than 
what was expected from the melt plate observations. The correlation was reduced 
for individual plates. As we had limited data, the correlations are of an indicative 
quality only. No continuous tensiometer readings were available for 1994. Averaged 
daily air temperatures and soil tension showed some degree of correlation (Table 1) 
indicating that temperature constitutes a key factor for both the melt process and in- 
filtration during snow melt, retention times in the snow and soil are factors which re- 
duce the correlation. 

Simulations with Melt Function in SOIL 
Simulations using the melt function in SOIL gave a reasonably good fit of the over- 
all melt pattern (Fig. 4). Temperature is a regulating factor for the snow melt devel- 
opment, and is probably the main reason for the difference between the two years. 
This was well captured by the melt function in SOIL. A sensitivity analysis of the 
model showed that the temperature is the dominating factor for the snow melt. Solar 
radiation had hardly any effect. The soil temperatures prior to the melt month were 
stable. We therefore assume a constant temperature flux for the melt period. This 
was done to obtain measure of the potential heat flux during the melt period if 
ground frost was absent. The temperature gradients, calculated by a linear regression 
through soil temperatures measured at depths ranging from 35 to 235 cm depth, 
at the beginning and the end of the melt period (Fig. 5), were 1.6 OCm-1 and 1.26 
"Cm-1 accordingly. We used an average value for qh(0) (Eq. (2)) of -0.2 Jm-2d-1 for 
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Dates in '94 
- SOIL-trh + Obs. 

Dates in '95 
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Fig. 4. Results from simulations with melt function in SOIL plotted with field results from 
1994 and 1995, simulations based on lh measurements of climatic data in 1994 (A1 
and A2), and on 6h observations in 1995 (B1 and B2). The subscripts t, h and r indi- 
cate whether the temperature function, t ,  the heat flux at the soil surface, h, and the ra- 
diation, r, was included in the model. 

the whole period for both years. The estimated value indicates an average influence 
of soil heat flux where ground frost is absent. Eq. (2) shows that heat flux at the soil 
surface can have a significant, but not dramatic, effect on the snow melt as shown in 
Fig. 4 A2 and B2. 

In 1994, diurnal changes in temperatures were reflected in observations of melt- 
water from the melt plate. The simulated diurnal changes fit well with the observed 
values (Fig. 4 Al). Simulations of the 1995 conditions showed a less regular diurnal 
pattern of melt than in 1994 (Fig. 4 B 1). In 1995 there were 4 or 5 main melt periods. 
These periods were also reflected in the cumulative curve which is a more stepwise 
function than what was the case in 1994 (Fig. 4 A2, B2). On the basis of cited litera- 
ture and from the experience with 1D model of snowmelt there seems to be a need 
for a three dimensional model able to predict the thickness and heterogeneity of the 
ground frost, the ice formation on the ground surface, and lateral flow of melt water 
for more realistic simulations of spatial and temporal heterogeneity. Often field mo- 
nitoring of infiltration is limited. Simple models such as the one tested for these ex- 
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periments however could provide estimates of average infiltration rates for the use 
as boundary conditions in simulations of particular field experiments. 

Temporal and Spatial Snowmelt Drainage Heterogeneity 
The volumes recovered from the ten melt plates in 1995 varied from 0 to 271% of 
the expected volumes (Table 2) strongly indicating a heterogeneous drainage pat- 
tern. The time averaged drainage rates varied between 0 to 20.8 mmfd (Table 2). The 
drainage pattern could be described as large flushes of meltwater draining from dif- 
ferent melt plates over a five to ten days period (Fig. 3). These flushes spread out 
over a period of approximately 30 days. 

Plates number PG3, PG4, 5 and 6 (Fig. 1) all gave very low recoveries which 
might have been caused by a malfunctioning of the equipment. The results from 
these plates are therefore left out of the rest of the discussion. The varying recoveri- 
es of the applied chemicals (not shown) supported the impression from the melt wa- 
ter recovery, that we had little control of where the melt water drained. All melt 
plates, with or without applied chemicals, showed the same melt pattern. A hetero- 
geneous ground frost was registered by piercing a metal rod through the ground sur- 
face at the end of the melt period. Ground frost had a depth of at least 40 cm during 
the period January-March (Fig. 5) and the ice layer on the ground surface (basal 
ice) varied between 5-10 cm. A heterogeneous ground frost and the resulting hetero- 
geneous ice cover may have caused less permeable areas where there was run-off to 
areas of higher permeability, as observed by Lissey (1971), Baker and Spaans 
(1997), Brooks et al. (1997), Derby and Knighton (1997). Also heterogeneity within 
the snow pack affect the meltldrainage pattern. Our results are also supported by 
Tseng et al. (1994) who showed that, in layered volumes of snow, thin layers of den- 
ser snow or ice can form within a snowpack, giving horizontal flow of melt water. 
Granger et al. (1984) found that the snowmelt-infiltration curves may exhibit a mul- 
titude of different shapes. Infiltration to a frozen soil is strongly dependent on 
snowmelt rate, the water transmission and storage properties of the snow cover and 
the presence of impermeable ice lenses on or within the soil profile. A general con- 
clusion from their work, was that the amount of infiltration during snowmelt varied 
directly with the snow-cover, and inversely with the frozen water content of the soil 
at the time of the melt. They also found that the infiltration could exceed the snow 
water equivalent because of direct contributions from su,rface and interflow water. 

Table 2 - Amount of melt water collected in percentage of total volume expected from each 
plate (1995) and time average meltldrainage rates (mmld). 

Plate no. KAc-1 KAc-2 PG-3 PG-4 5 6 KAc-7 PG-8 9 10 

Water % 138.0 271.0 0.32 3.6 0.81 0 70.0 135.0 14.0 16.3 

Melvdrainage 
rates, m d d  1.9 20.8 0.025 0.21 0.05 0.0073 5.56 11.03 1.27 1.08 
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Fig. 5. Soil temperatures measured at 5 depths throughout the year July '94 to June '95. 

Variations in Observed Breakthrough Curves 
The good agreement between observed drainage rates and independent estimates of 
infiltration rates from breakthrough curves of tracer flow through the unsaturated 
zone gave circumstantial evidence that there was a close relationship between water 
collected on the surface and flow in soil. From breakthrough curves of tracers sam- 
pled at 35-90 cm depth, estimated infiltration rates were in the same order of magni- 
tude as the melddrainage rates found from the melt plates. With the depth of the 
measuring point and the time period for the tracer application as input data, the pa- 
rameter estimation programme, CXTFIT, estimated values of velocity and disper- 
sion to give the best fit to the field data (Fig. 6). We were unable to get good fits for 
breakthrough curves at larger depths in the profile. The reason for this is probably 
that the steady state flow assumption was no longer valid at these depths. The sud- 
den drop in infiltration after the snow had melted, gave a transfer to a more transient 
situation. Melt and infiltration above each suction cup was calculated from Eq. (1). 
Data from 4 suction cups in the south wall (at 40 cm depth) and 8 in the north wall 
(4 at 35 cm depth and 4 at 85 cm depth) were examined. Simulations with CXTFIT 
with a pulse application of tracer lasting 4 days, gave average velocities ranging 
from 2 to 10 cmd-1, and infiltration rates, P (Eq.l), between 4-9 mmd-1 above the 4 
suction cups on the south wall and 6-20 mmd-1 above the 8 suction cups in the north 
wall. The sensitivity to the water filled porosity for the variation of P, n,, was tested 
for values between 0.17 to 0.22. This did not affect the variability of the estimated 
infiltration to a great extent. 

One of our assumptions for using CXTFIT, was that we were working with ho- 
mogeneous conditions. As we know the soil is heterogeneous we compared the vari- 
ation in estimated velocities with the velocity field obtained from two-dimensional 
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Fig. 6. Fitted breakthrough curves (CXTFIT) for Bromide sampled at 4 different suction 
cups at 40 cm depth at the south wall during the snow melt period of 1995. 

simulations of transport in a heterogeneous profile. The simulations indicated that 
because of the soil heterogeneity, the variation in velocities might be larger than that 
found from the breakthrough curves. With this limitation in mind, we still think it  is 
useful to know that the indirect approach gives a variation in the same order of mag- 
nitude as that found in the melt plate experiment. The observed variation in velociti- 
es could have several underlying reasons: micro-topography, soil heterogeneity and 
the distribution of an ice layer, it is not possible to separate these factors from the in- 
direct method only. 

Influence of Micro-topography 
There was a good correlation between micro-topography and melt/drainage volumes 
registered from the melt plates. A linear fit gave an R squared value of 0.69 with a 
95% confidence level. Visual observations in the field also pointed towards infiltra- 
tion in local depressions. Although the area is relatively flat, there are large enough 
variations in the micro-topography (maximum elevation difference of 29 cm) to give 
rise to lateral water movement on the surface when ground frost and basal ice redu- 
ce the infiltration capacity. At other locations on the field site, ponding on the surfa- 
ce, was observed. The largest pond was 18 cm deep with an area of approximately 4 
m2. It therefore seems reasonable that some plates could have served as local drai- 
nage locations. A drainage volume 2.5 times larger than the expected (the case for 
plate 2) is not dramatic compared to observations made at other locations (Lissey 
197 1; Derby and Knighton 1997). The semi-variogram analysis of the micro-topo- 
graphy gave a range of 3 m in the east-west direction and a range of 1 m in the north- 
south direction. These values were used for interpolation with Kriging to make con- 
toured maps of micro-topography, shown as shadings in grey in Fig. 7. The semi-va- 
riances of the time averaged drainage at the melt plates were analysed, and although 
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( 

Fig. 7. Kriged interpolated map of micro-topography, overlain by contours of time averaged 
melt rates in area A with reference to Fig. l a  (based on 4 melting plates). Scale on x 
and y axis is in m. 

more uncertainty was involved, they gave ranges of 4 m in the east-west direction 
and 2 m in the north-south direction. The cross-semivariance was also tested and 
gave a correlation length in the range of 1.5 to 2 m. Data from the melt plates (Tab- 
le 2) were used for interpolation with Kriging to make a contoured map of time 
averaged melt rates as white ISO-lines placed on top of the micro-topography map 
(Fig. 7 with reference to area A indicated in Fig. 1). 

Conclusions 

The large difference between melt observations in 1994 and 1995 was mainly cau- 
sed by the temperature differences during the melt month. The two years represented 
"extreme" situations, a steadily increasing temperature in 1994 and large temperatu- 
re fluctuations in 1995, giving rise to several freeze thaw cycles. This difference was 
well captured by a simple snowmelt model based on air temperature and global radi- 
ation. The experiment in 1995 showed a temporally and spatially variable drainage 
pattern, even though the area is relatively flat. The drainage pattern was strongly re- 
lated to the micro-topography. Circumstantial evidence point towards a relation be- 
tween flow in soil and collected melt volumes on the surface. At our particular site 
with maximum elevation differences of 29 cm over a few metres, the drainagelinfil- 
tration rate seemed to vary between 2-20 mmd-1 during the melt period. As chemi- 
cals mixed with snow have a tendency to leach out in the first melt water, especially 
when it concerns de-icing chemicals, the redistribution of melt water and temporal 
variability of drainage should be taken into account for estimating velocities through 
the unsaturated zone. 



H. K. French and S. E. A. T. M. van der Zee 

Acknowledgements 

Thanks to  Ass. Prof. L.-E. Haugen for helpful discussions concerning field results 
and the use of SOIL and to Prof. S. Haldorsen for making useful comments to the 
manuscript. This research was partly funded by The Norwegian Research Council, 
The Norwegian Aviation Authorities, Oslo International Airport and The European 
Communities, via the Program Human Capital and Mobility network EUGREP 
(contract no. CHRX-CT92-0074). 

References 

Anonymous (1956) Snow Hydrology, North Pacific division corps of engineers, U.S. h y ,  
Portland, Oregon. NTIS (National Technical Information Service), Springfield, Virginia, 
30. June 1956,437~. 

Baker, J. M., and Spaans, E. J. A. (1997) Mechanics of Meltwater Movement Above and 
Within Frozen Soil. In: International Symposium on Physics, Chemistry, and Ecology of 
Seasonally Frozen Soils. I. K. Iskandar, E. A. Wright, J. K. Radke, B. S. Sharratt, P. H. 
Groenvelt and L. D. Hinzman (eds.) U.S. Army Cold Regions Research and Engineering 
Company, Fairbanks, Alaska, 10-12 June, pp. 31-36. 

Benoit, G. R. (1974) Frost Depth and Distribution From Heat Flow Model., Proc. Eastern 
Snow Conf. Feb 7-8,1974, pp. 123-144. 

Benoit, G. R., and Mostaghimi, S. (1985) Modelling soil frost depth under three tillage sy- 
stems. Transactions of the ASAE, Vol. 28, pp. 1499-1505. 

Brooks, E. S., Nieber, J. L., and Wilson, B. N. (1997) Spatial variability of frost depth in a de- 
pressional catchment. In: International Symposium on Physics, Chemistry, and Ecology of 
Seasonally Frozen Soils. I. K. Iskandar, E. A. Wright, J. K. Radke, B. S. Sharratt, P. H. 
Groenvelt, and L. D. Hinzman,(eds.) U.S. Army Cold Regions Research and Engineering 
Company, Fairbanks, Alaska, 10-12 June, pp. 199-205. 

Bunnell, F. L., Tait, D. E. N., Flanagan, P. W., and Van Cleve, K. (1977) Microbial respiration 
and substrate weight loss. I A general model of the influences of abiotic variables, Soil 
Biol. Biochem., Vol. 9, pp. 33-40. 

Derby, N. E., and Knighton, R. E. (1997) Frozen soil effects on depression focused water and 
solute movement. In: International Symposium on Physics, Chemistry, and Ecology of Sea- 
sonally Frozen Soils. I. K. Iskandar, E. A. Wright, J. K. Radke, B. S. Sharratt, P. H. Groen- 
velt, and L. D. Hinzman (eds.) U.S. Army Cold Regions Research and Engineering Com- 
pany, Fairbanks, Alaska, 10-12 June, pp. 113-1 19. 

Efraimsen, H., and Laake, M. (1992) Nedbrytning av avisningsvaeskene Kilfrost og Clear- 
way 1 i lysimeterfors0k med jord som resipient (in Norwegian). (Degradation of the de-ic- 
ing chemicals Kilfrost and Clearway 1 in lysimeter experiments using soil as a recipient.) 
LuftfartsverketrnIVA, 30 p. 

Flerchinger, G. N., and Saxton, K. E. (1989) Simultaneous heat and water model of a freezing 
snow-residue-soil system 1. Theory and development, Transactions of the ASAE, Vol. 32(2) 
pp. 565-57 1. 



Small Scale Spatial Variability of Snowmelt 

French, H. K., Swensen, B., Englund, J.-O., Meyer, K.-F., and van der Zee, S.E.A.T.M. 
(1994) A lysimeter trench for reactive pollutant transport studies, In: Future groundwater 
Resources at risk, IAHS Publication (1994), J. Soveri and T. Suokko (eds.) 222, pp. 131- 
138. 

French, H. K., van der Zee S. E. A. T. M., Englund, J.-O., and Leijnse, A. (1996 a) The Trans- 
port and Degradation of 1,2 propane diol and Potassium Acetate Through the Unsaturated 
Zone. In: Proceedings to The Jens-Olaf Englund Seminar. Protection of groundwater re- 
sources against contaminants, P. Aagaard and K. I. Tuttle (eds.) 16-18 Sept. 1996, pp. 277- 
288. 

French, H. K., van der Zee S. E. A. T. M.,Meyer, K.-F., and Englund, J.-0. (1996 b) Melt wa- 
ter from snow affected by potassium acetate and 1,2 propane diol. In: Proceedings to The 
Jens-Olaf Englund Seminar. Protection of groundwater resources against contaminants, P, 
Aagaard and K. I. Tuttle (eds.) 16-18 Sept. 1996. pp. 289-300. 

French, H. K., Leijnse, A., and van der Zee, S. E. A. T. M. (1996 c) The Effect of Suction 
Cups on the Water Transport in the Unsaturated Zone. In: Proceedings to The Jens-Olaf 
Englund Seminar. Protection of groundwater resources against contaminants, P. Aagaard 
and K. I. Tuttle (eds.) 16-18 Sept. 1996. pp. 116-127. 

Gerdel, R. W. (1954) The transmission of water through snow. Eos. Trans. AGU, Vol. 35, pp. 
475-485. 

Granger, R. J., Gray, D. M., and Dyck, G. E. (1984) Snowmelt infiltration to frozen Prairie so- 
ils, Can. J. Earth Sci., Vol. 21, pp. 669-677. 

Hillel, D. (1982) Introduction to Soil Physics, Academic Press Inc., Florida ISBN 0-12- 
348520-7,364 p. 

Jansson, P.-E. (1991) Simulation model for soil water and heat conditions, Description of the 
SOIL model, Swedish University of Agricultural Sciences. Dept. of Soil Sciences. 1991;l 
Communications 9 1 :7 1, 165p. 

Johannessen, M., and Henriksen, A. (1977) Chemistry of snowmelt water: Changes in con- 
centration during melting. NIVA, Oslo. Sur Nedbars virkning pii Skog og Fisk. Fagrapport 
FR 11/77, pp. 1-11. 

Johannessen, M., and Henriksen, A. (1978). Chemistry of Snow Meltwater: Changes in Con- 
centration During Melting, Water Resour: Res., Vol. 14, (4), pp. 615-619. 

Johnsson, H., and Lundin, L.-C. (1991) Surface runoff and soil water percolation as affected 
by snow and soil frost, J. Hydrol., Vol. 122, pp. 141-159. 

Jargensen, P., and 0stm0, S.-R. (1990) Hydrogeology in the Romerike area, southern Nor- 
way, Norges Geologiske Undersakelse Bulletin, Vol. 418, pp. 19-26. 

Kennedy, I., and Sharratt, B. (1997) A comparison of three models for predicting frost in 
soils. In: International Symposium on Physics, Chemistry, and Ecology of Seasonally 
Frozen Soils, I. K. Iskandar, E. A. Wright, J. K. Radke, B. S. Sharratt, P. H. Groenvelt, and 
L. D. Hinzman,(eds.) U.S. Army Cold Regions Research and Engineering Company, Fair- 
banks, Alaska, 10-12 June, pp. 53 1-536. 

Kersten, M. S. (1949) Thermal properties of soils, University of Minnesota, Inst. of Techno- 
logy Engineering, Exp. Station, Bull. 28,226 p. 

Knuteson, J. A., Richardson, J. L., Patterson, D. D., and Prunty, L. (1989) Pedogenic carbo- 
nates in a calciaquoll associated with a recharge wetland, Soil Sci. Soc. Am. J. Vol. 53, pp. 
495-499. 



H. K. French and S. E. A. i? M. van der Zee 

Kitterod, N.-O., Langsholt, E., Wong, W.K., and Gottchalk, L. (1997) Geostatistic Interpola- 
tion of Soil Moisture, Nordic Hydrology, Vol. 26, (413, pp. 307-328. 

Konrad, J.-M., and Duquennoi, C. (1993) A Model for Water Transport and Ice Lensing in 
Freezing Soils, Water Resoul: Res. Vol. 29, (9), pp. 3 109-3 124. 

Morkved, P.-T. (1998) Romlig Heterogenitet i Mikrobiell Nedbrytning av Acetat i Under- 
grunnsjord, (in Norwegian) (Spatial Heterogeneity in Microbial Degradation of Acetate in 
Subsoil.) Master thesis at The Norwegian Agricultural University, Dept, of Soil and Water 
Sciences, 58 p. 

Lissey, A. ( 1  97 1)  Depression-focused transient groundwater flow patterns in Manitoba, Geol. 
Assoc. Can. Spec. Pap. 9, pp. 333-341. 

Pannatier, Y. (I 994) Variowin 2.1 a programme for computing a 2D Pair comparison file, ex- 
ploring Variography and modelling experimental variograms, Copyright 1994, Institute of 
Mineralogy BFSH 2, University of Lausanne, Switzerland. 

Toride, N., Leij, F. J., and van Genuchten, M. Th. (1995) The CXTFIT code for estimating 
transport parameters from laboratory or field tracer experiments, Version 2.0. Research Re- 
port No. 137, U.S. Salinity Laboratory, USDA, ARS, Riverside, California, 121 p. 

Tseng, P.-H., Illangasekare, T. H., andSMeier, M. F. (1994) Modelling of snow melting and 
uniform wetting front migration in a layered subfreezing snowpack, Water Resoul: Res., 
Vol. 30(8), pp. 2363-2376. 

Tuttle, K. J. (1997) Sedimentological and hydrogeological characterisation of a raised ice- 
contact delta- the Preboreal delta-complex at Gardermoen, southeastern Norway, Ph.D the- 
sis, Dept. of geology, University of Oslo. 

Zhao, L., and Gray, D. M. (1997) Estimating snowmelt infiltration into medium and fine-tex- 
tured soils. In: International Symposium on Physics, Chemistry, and Ecology of Seasonal- 
ly Frozen Soils. I. K. Iskandar, E. A. Wright, J. K. Radke, B. S. Sharratt, P. H. Groenvelt, 
and L. D. Hinzman (eds.) U.S. Army Cold Regions Research and Engineering Company, 
Fairbanks, Alaska, 10-12 June, pp. 287-293. 

astmo, S. R. (1976) Kort beskrivelse av kvartzergeologisk kart, Gardermoen, 1:20 000, C QR 
05 1 052-20 og hydrogeologiskkart, 0vre Romerike 1:20 000. Intern Rapport (in Norwe- 
gian), Geological Survey of Norway, Trondheim. 

Received: 5 August, 1998 
Revised: 10 March, 1999 
Accepted: 18 March, 1999 

Address: 
Helen K. French, 
Dept. of Soil and Water Sciences, 
The Agricultural University of Norway, 
P.O. Box 5028, 
N- 1430 Aas, 
Norway. 
Email: helen.french@ijvf.nlh.no 

S.E.A.T.M. van der Zee, 
Dept. of Environmental Sciences, 
Wageningen Agricultural University, 
P.O. Box 8005, 
6700 EC Wageningen, 
The Netherlands. 
E-mail: 
Sjoerd.vanderZee @BODHYG.BENP. WAU.NL 


