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Changes in the Structure and Permeability of Artificial Ice Layers 
Containing Fluorescent Tracer in Cold and Wet Snow Cover 
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ABSTRACT 

Artificial ice layers pre-doped with a fluorescent tracer (Tinopal CBS-X) were used to study the 
interaction of ice and water in a natural snow cover during rain-on-snow events and melt. The 
artificial layers (surface area, 20x20 cm ; thickness, 0.7 cm, 1.3 cm and 2 cm) were inserted into 
snow during the mid-winter cold period and observed periodically until springmelt. An ultraviolet 
lamp and a digital camera were used at nighttime to record ice morphometry and tracer loss at 
snowpit faces. The results show clearly the shifting patterns in water pathways around and through 
gaps in the ice, and the change in permeability of the layers that allows passage of water through 
the ice structure. The study also shows that the physical dimensions of ice layers remain relatively 
intact between the cold period and the initial springmelt. 
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INTRODUCTION 

Ice structures are a common feature in natural snow covers. These structures may be vertical 
columns (Marsh, 1991; Williams et al., 2000), horizontal layers, lenses and surface crusts on and 
within the snow cover (Albert and Perron, 2000), or basal ice at the snow cover–soil interface 
(Woo et al. 1982). These structures can modify liquid (Colbeck, 1978) and gaseous (van Bochove 
et al., 2001) flow through snow cover depending on the location, morphometry and permeability 
of the ice. In particular, horizontal ice layers of low permeability (Hardy and Albert, 1993) create 
temporary barriers to meltwater (Albert and Perron, 2000), which can significantly affect the time 
of delivery of discharge to soil during the melt season. The barriers, however, degrade under 
continuous isothermal (0oC) conditions during springmelt when the permeability of ice increases 
and the macro-structure of layers breaks down (Langham, 1974a). Measurements of changes in ice 
structure and permeability to water infiltration are thus of importance in studies of meltwater 
pathways and discharge during the spring season. 

Observations of ice layers are difficult due to their translucent hue and lack of contrast with 
snow crystals. Changes in ice layers are thus extremely difficult to delineate particularly during 
conditions when the layers are in contact with liquid water. To enhance contour delineation of ice 
inclusions and to follow water infiltration and flow pathways through snow cover, dyes and tracers 
(visible colour and fluorescent) have been used (Gerdel, 1948, 1954; Church, 1948; Hardy et al., 
1992; Schneebeli, 1995, 1998). However, the location and complexity of natural ice layers makes 
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the interpretation of dye pathways difficult (Schneebeli, 1995, 1998). The insertion of artificial ice 
layers of known form and pre-doped with tracers could alleviate the difficulties of delineation of 
changing layers in snow but there are no reported studies using this method of observation. This 
paper describes the formation of artificial ice layers containing a fluorescent tracer and the use of 
these layers to follow the evolution of the permeability of ice in a natural snow cover during the 
winter and the spring melt period. 

STUDY SITE 

The research site is located in an open field at the J.-C. Chapais Experimental Farm of 
Agriculture and Agri-food Canada (46˚46'18"N, 71˚12'15"W near Quebec City, P.Q., Canada). 
The field is at a mean elevation of 42.5 m.a.s.l with a slope gradient of 0-0.5%.  

METHODOLOGY 

Formation of artificial ice layers 
Artificial ice layers were doped with Tinopal CBS-X (Schneebeli, 1995). Tinopal CBS-X was 

chosen as it is a light yellow colour, which has far less impact on the albedo of snow and ice than 
the darker-colours of dyes previously used in some field studies (Gerdel, 1948, 1954). Tinopal 
CBS-X is a fine powder that is not completely soluble in water, much of the compound remains in 
the suspended state. The layers were formed by chilling a water solution/suspension of 1 g L-1 to 
0oC and shaking it often to avoid tracer deposition before freeze-up. Ice layers were then shaped 
by freezing the mixture in square shallow aluminium pans, 20 cm by 20 cm. Layers of three 
different thicknesses (0.7, 1.3, and 2 cm) were molded. The choice of ice thickness was based on 
natural ice layers that were observed during the winter of 2000-2001 when approximately 75 % of 
all the ice layers in the snow pack varied in thickness between 0.5 and 2 cm. The layers were kept 
in a cold room (-15oC) until taken to the field. 

Fourteen sets of layers were prepared for the field experiment. Each set contained one layer of 
each thickness. The sets were then placed one meter apart; on the snow cover surface (25 cm 
above the soil) along a snow course prior to snowfall and the position of each set marked by a rod. 

 
Field observations and image analysis 

Observations of the evolution of ice layers in snow consisted of photographs and 
complementary manual measurements of snow and ice layer properties. Photographs were taken in 
the dark to obtain as high a contrast as possible between the fluorescent tracer and the snow. 
Snowpits were dug at night and the photographs of the exposed ice layers at the pit walls taken 
with a digital camera (Kodak, model DC200 Plus) using four black bulbs (75 W) mounted on a 
camera tripod as a light source. Image processing using Geomatica 8.0 (PCI Geomatics) software 
was applied to the photographs using an adaptive linear stretch enhancement and an average filter 
(window 3x3). These images are satisfactory but they show only a part of what can often be seen 
with the naked eye. A schema of the snowpit profile (ice layer thickness, depth location in the 
profile, the presence of new ice features or flow features) was thus sketched at the same time to 
complement the images. 

 
The snowpits were first cut in a direction to expose one edge of the ice layers. After taking 

photographs and other observations on ice characteristics, the snowpit was continued in a direction 
perpendicular to the initial cut to obtain a three-dimensional perspective of water and tracer 
patterns above and below the ice layers. After recording the observations, the layers were removed 
and the snowpit filled in. New snowpits were dug in sequence along the snow course until all 
fourteen sets had been studied. Measurements were taken at least once a week during the cold dry 
period and once per day during the spring melt period.  
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A continuous record of air temperature, snow cover temperature at different heights (0/snow-
soil interface, 10,20,30,40 cm), and soil temperature at a depth of 5 cm were obtained by the use 
of thermocouples (OX-100, Omnitronix Ltée, Dorval, Canada); datalogger (OX-9004, Omnitronix 
Ltée, Dorval, Canada). The ambient air temperature thermocouple was protected by a radiation 
shield (41301-5, Campbell Scientific, Edmonton, Canada) at height of 2 m above the ground. 
Radiation was measured using an hemispheric radiometer (OX-TS100, Omnitronix Ltée, Dorval, 
Canada) and net radiation, from 0.25 to 60µm, using a REBS net radiometer (model Q7_1, 
Radiation and Energy Systems, Seattle, Washington; datalogger, CR-10, Campbell Scientific, 
Edmonton, Canada). Precipitation was recorded using a tipping bucket rain gage (OX-370, 
Omnitronix Ltée, Dorval, Canada). Snow depth was determined by the use of an ultrasonic probe 
(SR50, Campbell Scientific, Edmonton, Canada).  

 
Laboratory analysis 

 
Three ice-layer sets were removed from the snow cover during the spring thaw period 

(04/04/02; 04/05/02 and 04/06/02) before exposure at the surface occurred (depth of 5 to 10 cm 
below the surface). 

 
The layers were photographed, measured and weighed. The layers were melted and the residual 

concentration of Tinopal CBS-X determined by measuring the relative opacity of the meltwater 
(spectrophotometer, Varian, Cary 100).  

RESULTS AND DISCUSSION 

Ambient conditions during the study period 
 

The study took place from February 7th, the time of the insertion of artificial ice layers in the 
snow cover, to April 6th, the time of removal of the layers. Air, snow and soil temperatures and net 
radiation are shown in Figure 1 and the amount of precipitation and snow cover SWE reproduced 
in Figure 2. The cold season is the period before the entire snow pack reaches a temperature of 
0oC (isothermal state) and before the main melt. The period of the field experiment (February 7th) 
until the end of March (March 27th) was characteristic of the cold season. However, during this 
cold period eight rain-on-snow events occurred and a period of diurnal isothermal/thermal gradient 
conditions prevailed from March 15th to 25th. Continual isothermal conditions then lasted from 
March 25th until the end of the study on April 6th; this interval of time is known as the springmelt 
period. 
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Figure 1. Air, snow and soil temperatures and net radiation. 
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Figure 2. Mean snow depth (cm) and precipitation (rain ↓, and Snow Water Equivalent, mm). 
Dotted line indicates the depth of artificial ice layers within snow cover; X is the measured snow 
cover depth above each set of artificial layers at time of removal. 

 
Changes during the Cold Period 

 
Two significant rain events on February 11th (18.6 mm) and February 21st (11.9 mm) caused 

water to infiltrate in depth and modify the surface of artificial ice layers. An increase of ice layer 
thickness was recorded on February 23rd (Figure 3). The increase in thickness is due to an 
accretion of wet grains during melt-freeze cycle at the ice layer surface during the rain-on-snow 
event. The rain infiltrated down through the pack to the ice layer surface, was retained at the ice 
surface by capillary action and/or ponding and then frozen by the loss of heat to the colder sub-ice 
snow strata. The temperature profile (Figure 1) shows that on February 21st the sub-ice layer 
temperature (e.g. below 25 cm) was lower than 0oC. A warm wet spell during the last two days of 
February and a rain-on-snow event (20.1 mm) on March 3rd caused melt and rain to again infiltrate 
to the level of the ice layers. Tracer was removed from the surface of the ice and the flow then 
deviated towards ground level through flow fingers formed at the junction between the artificial 
ice layers (Furbish ,1988). This can be clearly seen in Figure 4 (March 11th). Of particular interest 
in this latter figure is also the appearance of secondary layers of ice formed from tracer-containing 
meltwater at a discontinuity approximately 10 cm above the soil surface. These layers were 
formed by lateral displacement of meltwater along the discontinuity and subsequent refreezing.  
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Figure 3. A set of artificial ice layers (delimited by a solid line): dotted line indicates regions of 
accretion.  

 

 

 

 

 

 

 

 
 

Figure 4 : A = Natural ice layers containing tracer created by meltwater leaching of artificial ice 
layers, infiltration below ice layer level and then refreezing; B = Frozen flow finger located at the 
junction of two artificial layers; C = Three initial artificial ice layers. 

During the cold period we observe no significant presence of tracer directly under the artificial 
ice layers during water infiltration, which indicates that the layers were impermeable to water at 
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this time. The effect of water is to flow along the surface of the ice and then be deviated to lower 
strata through gaps to form vertical channels; ice lenses may also be formed at discontinuities 
between snow strata by lateral movement of water and refreezing. The depth of the artificial ice 
layers (at least 10 cm of snow above) within the snow cover and the high albedo of the doped ice 
layers (Figure 2) during the cold period assured that no changes due to local heating of ice took 
place by radiation transmitted through the snow (Albert et al., 2000).  
 
Changes during Springmelt 
 

During the melt period, water flows continuously through the snowpack. Water not only flows 
around the ice layers and through gaps between ice layers but also through the ice. This can be 
seen in Figure 5 ; large areas of snow directly beneath the layers show the presence of tracer. The 
permeability of the ice has increased due to the formation of inter-grain large-veined networks at 
isothermal conditions that are extensive enough to allow relatively rapid passage of water. 
Langham (1974b) described the formation of these vein networks in the ‘rotting’ of ice layers in 
wet snow. Large losses of tracer also confirm the passage of water through the ice structure. 
Figure 6 shows that the ice layers have lost from 80 to 90% of the initial amount of tracer by the 
time they have been removed from the snow cover. Some tracer is removed by surface leaching 
during the cold period but the greater part is washed through the ice during the springmelt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 5 : A= three initial artificial ice layers; B= Dashed line shows where tracer-containing 
meltwater have infiltrated directly below layers after having permeated through the ice. 

Despite the continual passage of water around and through the ice during both cold and 
springmelt periods, there is very little vertical movement of ice layers and the overall edge 
dimensions of the ice layers do not change appreciably (Table 1). However, the physical 
appearance is changed, the layers becoming rougher and slightly thicker, due to accretion of 
frozen snow crystals during the cold period (Figure 7), and granular from the penetration of water 
during isothermal conditions. The density of the ice layers thus decreases due to the increase in 
porosity of the ice (Table 1). It should be noted, however, that the ice layers were not allowed to 
remain in the snow cover long enough to observe the actual breakdown of the ice-layer macro-
structure. 
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Figure 6. Final tracer concentration for different ice layer thicknesses. 

Table 1. Final artificial ice layers characteristics. 

Date Initial 
Thickness 
M 

Final 
Thickness 
m 

Edge 
dimensions 
m 

Volume 
m3 

Density 
Kg/m3 

04/04/02 0.01 0.2*0.17 0.00034 676.5 
04/05/02 0.017 0.185*0.19 0.00060 836.1 
04/06/02 

 
0.007 

0.01 0.19*0.19 0.00036 886.4 
04/04/02 0.015 0.195*0.19 0.00037 910.0 
04/05/02 0.025 0.2*0.2 0.00100 640.0 
04/06/02 

 
0.013 

0.015 0.19*0.19 0.00054 886.4 
04/04/02 0.025 0.19*0.19 0.00090 643.0 
04/05/02 0.03 0.195*0.19 0.00111 737.7 
04/06/02 

 
0.02 

0.025 0.19*0.195 0.00093 809.9 
Mean    764.5 
* Density is estimated from the volume and the weight of the sample 
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Figure 7. Example of an ice layer after the massive melt period (collected on April 5th ). 

CONCLUSION 

This study has shown that artificial ice layers pre-doped with fluorescent tracer can be used to 
follow the evolution of ice and its interaction with water in snow during rain-on-snow events and 
melt. The results show clearly the shifting patterns in water pathways around and through gaps in 
the ice, and the change in permeability of the layers, which allows passage of water through the 
ice structure. The study also shows that the overall physical dimensions of ice layers remain 
relatively intact during the cold period and the initial springmelt. However, the structure of the ice 
becomes rougher and more granular due to accretion of wet snow crystals having been refrozen on 
the ice surface and changes in permeability. Experiments with artificial ice layers are now being 
prepared with a view to quantifying the relative amounts of ice-layer wastage and accretion from 
the evolution of tracer content during changes in differing snow cover conditions.  
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