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Summary 

This thesis has aimed at characterizing pollutant flows from urban snow deposits with 

respect to time. It was also investigated whether the pollutants were adsorbed to 

particles or not, by studying the melt water from urban snow in laboratory scale and in 

pilot scale. The thesis consists of four parts, an introduction and three papers. 

In the introduction the results from an inventory, which aim was to survey snow 

handling practices in Sweden, including technical, economical and environmental 

aspects are presented. From the inventory it can be concluded that the environmental 

problems connected with clearance, transport, and depositing urban snow generally 

have been neglected or underestimated. 

Also a literature survey and a summary of the laboratory and pilot studies are reported 

in the introduction. 

The aim of the paper A was to create an overall picture of the melt water runoff. For 

that purpose a pilot snow deposit was constructed. Subjects studied were, among 

others: the pH of the runoff water, the temperature, and content of chloride, lead, 

cadmium and copper as a function of time. The results showed for example that an 

acid shock, identified in other studies of natural snow, did not occur for the pilot 

deposit. 

In paper B the results from two differently shaped pilot deposits are presented. It was 

found that most of the pollutants ended up in the alluvium below the deposits, and that 

only a minor fraction ran off with the water. This was especially the case for lead and 

phosphorus. It was also found that the first part of the runoff contained most of the 

COD and nitrogen, while the phosphorus runoff followed the melt water. For the 

heavy metals a more complicated pattern was found. 

Paper C treats the most detailed study, a laboratory investigation. It was found that the 

runoff could be characterized by two concentration peaks: one at the beginning 

consisting of dissolved substances and one at the end, consisting of substances 

attached to particles. The continuous runoff from a solid snow volume was 

characterized by a rather uniform transport of particles and substances, while repeated 

melting and freezing delayed the runoff of particles and substances attached to 

particles. 
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Sammanfattning 

Syftet med denna avhandling  har  varit att karaktärisera utflödet av föroreningar från 
snötippar med hänsyn till tid. Hurvida föroreningarna var bundna till partiklar eller 
inte studerades också. Detta utfördes genom att kartlägga sammansättningen av 
smältvatten frän  urban  snö i såväl laboratorie- som  pilot  skala. Avhandlingen består av 
fyra delar;  en  introduktion och tre artiklar. 

I introduktionen presenteras resultaten frän  en  undersökning vars syfte var att 
inventera snöhanteringsrutinerna i  Sverige  med ayseende på tekniska, ekonomiska och 
miljömässiga aspekter. Från undersökningen kan slutsatsen dras att miljöproblemen i 
samband med röjning,  transport  och deponering av snö generellt  har  negligerats eller 
underskattats. 
I introduktionen ingår även  en  litteratur översikt  samt en  sammanfattning av 
laboratorie-  respektive  pilotförsöken. 

Syftet med artikel  A  var att skapa  en  övergripande bild av smältvattnets avrinning. För 
detta ändamål anlades  en pilot  snötipp.  Bland  annat studerades smältvattnets  pH,  
temperatur och innehäll av klorid, bly, kadmium och koppar som funktion av tiden. 
Resultaten visade  bland  annat att  en  så kallad surstöt, som  har  identifierats i andra  
studier  av naturlig snö, inte inträffade för pilottippen. 

I  artikel B  presenteras resultaten frän två pilottippar.  Resultaten  visade att  det  mesta  av  
föroreningarna stannade kvar i  gruset under  tipparna, och att endast  en  liten  del  följde  
med  smältvattnet. Detta  var  speciellt  fallet  för  bly  och  fosfor. Studien  visade också att 
första  delen av  smältvattnet innehöll  det  mesta  av  COD  och kväve medan  fosfor  följde  
med  smältvattnet. För tungmetallerna erhölls ett  mer  komplicerat mönster.  

Artikel  C behandlar  den  mest detaljerade studien, vilken utfördes i  laboratorieskala.  

Undersökningen visade att smältvattnet kan karaktäriseras av två koncentrations toppar  
en  i början, bestående av lösta än-men,  och  en  i slutet bestående av ämnen knutna till 
partiklar.  Den  snö som tinade kontinuerligt, karaktäriserades av  en  jämn uttransport av 
partiklar och ämnen, medan upprepad smältning och frysning, fördröjde avrinningen 
av partiklar och partikelbundna ämnen.  

Ui 



Contents 

Preface 
Summary 	 ii  
Sammanfattning 	 iii 
Contents 	 iv 

Introduction 

1. Background 	 1 
2. Objectives 	 5 
3. Snow handling practices 	 6 

3.1 Worldwide 	 6 
3.2 Swedish experiences 	 7 

4. Previous research 	 10 
5. Summary of and comments on the studies in  Luleå 	 21 

5.1 Time variations 	 23 
5.2 Effects of melting and freezing cycles 	 24 
5.3 pH 	 24 
5.4 Runoff intensity 	 25 

6. Discussion. Further research 	 26 
7. References 	 27 

Paper A. Pollution from urban snow deposits. Vildander, M. Proceedings of the 
Polartech '92 Conference, January 21-24, 1992, Montreal, Canada, 
pp. 657-666. 

Paper  B.  Melt water from snow deposits. Viklander, M. and Malmqvist,  P-A. 

Proceedings of the Sixth Conference on Urban Storm Drainage, September 
12-17 1993, Niagara Falls, Ontario, Canada. Vol. 1, pp. 429-434. 

Paper  C.  The composition of melt water from urban snow. A laboratory study. 
Viklander, M. and Malmqvist,  P-A. Proceedings of the Polartech '94 
Conference, March 22-25 1994,  Luleå,  Sweden, pp. 285-295. 

iv 







1. Background 

In areas with a cold climate a great amount of the annual precipitation falls as snow. 
This causes problems, such as poor accessibility and unsafe road conditions. This 
makes it important to clear the streets from snow, especially in urban areas. In 
Figure 1 a typical residental area in  Luleå,  Sweden is shown 

Figure 1. Housing area in  Porsön, Luleå  March 1994. 

In Sweden, usual snow handling practice is that the snow that falls is ploughed off 
streets and then transported to a snow deposit, usually located on the outskirts of the 
city. The main snow deposit in the municipality of  Luleå  is shown in Figure 2. This 
snow handling achieves the objectives of safety and passage. However, great 
inconvenience is also caused, such as high costs and environmental impacts. 
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December 

Figure 2. The main snow deposit in  Luleå  municipality. 
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POLLUTED SNOW 

Pollution in snow arises from both natural sources and human activity. Contamination 
is caused locally as well as by distant sources of pollutants. Two examples of local 
pollution are heating and road traffic, which are both worse during the winter season. 
The sources are shown in Figure 3. 

Figure 3. Snow pollutant sources, (Malmqvist, 1983). 

During the melting season melt water affects the environment,  (Bengtsson,  et al, 
1980). The characteristics of melt water are, by others, low temperature and large 
volume during a short period. The pollutants contained in snow and melt water are in 
principal the same as in storm water. The most common pollutants are nutrients, heavy 
metals, substances causing oxygen demand, bacteria, suspended solids, salt, oil and 
organic substances. The effects on the receiving waters are, among others, that the 
oxygen content of surface water is reduced, turbidity increases, banks of sludge are 
built up, nutrients lead to overgrowth, heavy metals and organic toxic substances enter 
the food chain, concentration of salt and bacteria increases, pollution by oil and 
garbage increases and acidification occurs. Ground water is affected by surface 
infiltration or by percolation in storm water percolation basins. Ground water is most 
heavily affected by the high concentration of heavy metals, toxic organic substances, 
and road salt. The ground and the vegetation will be affected by sludge, acid 
components, oil and heavy metals. The salt will damage the vegetation, since the 
uptake of water and nutrients is reduced due to the effect of both sodium and chloride. 
The salt also makes the vehicles corrode more quickly. The acid components cause 
leaching of nutrients in the soil. Oil is poisonous to vegetation, and in concentrated 
form it also destroys the soil. Heavy metals are poisonous and affects the growth of 
vegetation. 
In addition the large number of vehicles that are involved when snow is transported to 
snow deposits causes environmental impact such as exhaust discharge and noise. 
Further, it is quite common that small, local snow deposits are built up in city centers 
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and housing areas. These delay vegetation growth in the spring. There are also risks 
concerning garbage and glass in the snow for children playing in the snow. 
In order to come to terms with these negative effects, a strategy has been developed by 
the Swedish Environmental Protection Board, (SNV, 1990). The basic principle of this 
strategy is that urban snow should be separated into heavily polluted snow and not so 

polluted snow. 
In practice the cities should be divided into different districts depending on the snow 
quality, since the degree of pollution varies depending on type of area and time. For 
exemple the snow in city centers and along busy roads is more polluted than snow in 
residential areas. Snow that has been stored along streets for a long time is considered 
as more polluted than snow that is removed directly after a snow fall. This division 
may change during the season - the longer the snow stays on the ground the more 
polluted it becomes. 
The more polluted snow must, according to this strategy, be transported to a snow 
deposit which should be located and designed with regard to the pollution. This will 
result in a smaller snow deposit with higher concentrations of pollutants, compared to 
the snow deposits that are commonly used today. It is important that the melt water 
from the deposit is taken care of properly. If melt water is to be treated, it should not 
be transported to the municipal plant. The reason for that is that the melting season is 
quite short resulting in large volumes of melt water during a limited period. The melt 
water is also much colder than normal waste water entering the treatment plant. This 
will increases the treatment costs and renders the treatment process less efficient. 
Snow that is less polluted can be dumped after only a short transport distance where 
normal stormwater can be handled. This strategy gives both environmental and 
economical advantages. 
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2. Objectives 

This thesis has aimed at characterizing pollutant flows from urban snow deposits with 
respect to time. It was questioned whether the pollutants were adsorbed to particles or 
not. It also aimed at determining pollutant mass flows in the snow, in the melt water, 
and in the alluvium on the ground. The effects of repeated thawing and freezing were 
also studied. 
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3. Snow handling practices 

3.1 Worldwide 

This chapter is based on the report "Harmony between Road Management and 
Environment in Winter", (MCC, 1992). The report was compiled on the basis of a 
questionnaire on road management and environmental measures. The questionnaire 
was sent to 30 cities, of which 21 answered. These 21 cities were from nine different 
countries, two in North America, five in Europe and two in Asia. 
Common snow handling practice is that when the snow has been ploughed off the 
roads the snow walls are transported to a snow dumping site. In Japan "snow flowing 
gutters" are also used. A snow flowing gutter is a channel wherein snow is dumped 
and washed away by a water flow. The water that transports the snow, is generally 
from rivers, but also treated sewage is used. 
For the cities in the report the total number of snow dumping sites is 220, of which 
102 are on land, 86 are in rivers and 16 are in the sea. No cities use lakes as snow 
dump sites. In North America and Europe land sites are generally used for dumping 
snow. On the other hand cities in Japan and Austria use rivers and those in Norway 
use the sea. In Figure 4 one of the snow deposits in Sapporo is shown. 

Figure 4. Snow dumping sites in Sapporo 1994. (Photo Hara). 

In Sapporo snow melting tanks are used as an alternative to the snow deposits. Two 
types of tanks are used. One of these uses a basin at the sewage treatment plant and the 
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other employs waste heat from an incineration plant. Helsinki also uses a snow 
melting tank at the sewage treatment plant. 
A quite large part of the report treats the use of salt. The mainly antifreezes used in the 
northern cities are NaC1 and CaC12; the type varies from country to country. NaC1 is 
used in North America and Europe while  Tromsö  and Japanese cities use CaC12  in 
very small amounts. There are also some cities which use both CaCl2  and NaCl. 
Innsbruck uses a non-toxic organic and a non-organic compound of nitrogen. 

3.2 Swedish experiences 

An inventory of snow handling practices in Sweden, with regard to technical, 
economic and environmental aspects was carried out in 1990, (Viklartder, 1991). This 
survey was based on a questionnaire sent to municipal and county administration 
authorities in Sweden, and to the road maintenance authority in  Norrbotten.  
Snow handling strategies were found to be much the same in all areas for which 
questionnaire results were available. Initiation of snow clearance by the snow clearing 
squads was determined by a predetermined snow depth, (which varied between 
municipalities), snow quality and ambient temperature. The "starting" snow depth 
varied from three to eight cm. 
Six municipalities used road salt, and the use varied in different parts of the country. 
In Southern Sweden salt was used frequently while just one municipality in Northern 
Sweden used it, and then it was mixed into sand. 
According to a report produced by the Swedish National Association of Local 
Authorities (Svenska  Kommunförbundet  1989), the number of municipalities not using 
salt during the winter had increased from 52 in 1987 to 88 in 1988. 
Most municipalities removed snow walls, which were built up as a result of snow 
ploughing, from their central areas, larger road intersections and busy roads. Factors 
determining the necessity for snow removal included the amount of snow, available 
space, room for traffic to pass and road safety. 
Snow was cleared in most municipalities by both council workers and independent 
contractors. Clearance was the most costly operation. Transportation costs were also a 
major item in highly populated areas. Numerous smaller deposits were common in 
housing areas, except where large snow deposits were available, 
All but three of the municipalities questioned had land-based deposits. These varied 
from inland-based stores to those on shore-lines. In Figure 5 two examples of snow 

dumping sites are shown. Closeness, and therefore reduced transport distances, was a 
factor described by all the municipalities as being important for determining the 
location of a deposit. 
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Riddarfjärden,  
Stockholm.  
(Photo  Malmqvist)  

The snow deposit in  Luleå  municipality 

Figure 5. Snow dumping sites, in Stockholm and  Luleå.  
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Only one directive regarding snow deposits was given by the County Administration. 
They recommended that the snow should be deposited on land. 
One municipality separated the snow into "clean" and "dirty" snow. 
Three of the fourteen municipalities had taken the melt water into consideration. One 
led the melt water by ditches to an oil separator, one used an oil separator and then led 
the water to the storm water network and one municipality had built filter beds. 
Quantitative measurements of pollutant concentrations of snow, melt water, ground 
water and receiving water were rare. If conducted at all, grab sampling was used. Two 
municipalities took continuous samples according to a programme. Snow deposit 
measurements were also rare. 
None of the county or local administration authorities had environmental standards 
concerning snow deposits. The only environmental investigation by a county 
administration was carried out in Västemorrland where a snow deposit inventory was 
made in 1977-1978. The road maintenance authorities had made no such 
measurements. In only one area was it required that the deposit area should be cleaned 
after the snow melted. 

From the inventory it can be concluded that the environmental problems connected 
with clearance, transport, and depositing urban snow have in most cases been 
neglected or underestimated. The costs for handling urban snow are generally 
considered high. 

The "separating strategy" of the Swedish Environmental Protection Agency would 
appear suitable in order to reduce both the environmental impact and the costs for 
snow handling. 
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4. Previous research 

The literature survey presented here reveals that most of the reported research has been 
carried out during the late 70s. Four of the thirteen articles that are reported have been 
published in the 80s. 
The articles deal roughly with three topics: 
a/ The concentrations of pollutants in snow, and their effects on the environment.  

b/  The influence of dry deposition, and the way in which snow acts as a mechanical  

c/  The runoff of different components with the melt water. 

"Quantitative chemical analysis of snow" 
Henrikssen A. (1972) 

The aim of Henrikssens study was to estimate the total annual fallout of some 
chemical components in the air, based on analysis of natural snow. A further aim was 
to estimate the load on receiving waters during the snow melt period. 
Samples were taken in an area where there was no human activity, which meant that 
any pollutants had been transported from distant areas. Sampling was carried out, on 
March 19, 1972, as vertical profiles from the snow surface down to 10 cm above the 
ground. Most of the organic carbon in the snow sample seemed to be present as 
grey/black particles. Between 70 and 100% of this fall-out was found in the upper 60 
cm of the profile. The layer between 50 and 60 cm contained up to 40% of the organic 
carbon. Henrikssen assumed that this layer contained particles from the grey snow that 
was observed to fall on January 25-26, 1972. Grey snow had been observed in Norway 
for some years, and analyses had shown that it was caused by air pollution from 
industries in Europe (Elgmork, 1973). 
The study was based on only one profile, which gave large uncertainties. However, the 
concentration of sulphate in snow agreed with findings from an other investigation 
carried out in the same area. Hemikssen therefore concluded that analysis of snow 
profiles was a reasonable and simple way of estimating the amount and distribution of 
pollutants deposited during precipitation. 
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"Smeltning av  forurenset snO  i  termostatert lysimeter" 
[The melting of polluted snow in a thermostated lysimeter] 
Henrikssen A., Dale T. and  Haugen  S. (1974) 

The study was carried out in Norway in 1973 as a laboratory test. Two different types 
of natural snow were tested: one was relatively heavily affected by pollutants and the 
other one was taken from newly fallen snow. 

Henriksen used a concentration factor, ci=cfi/co, for the evaluation of the laboratory 

results. (cfi= concentration of fraction  "i",  co  = concentration of the bulk snow). The 
value ci=1, that is when the concentration of fraction  "i"  is equal to the mean 
concentration, appeared for approximately the same fraction for all substances studied. 
At that point only 30% of the melt water had run off, while more than 50% of most 
pollutants had left the snow. It was also shown that the univalent and bivalent ions 
behaved in different ways. When  c=l,  30±2% of the melt water had run off, while 58 
±4% of the univalent ions and 75±6% of the bivalent ions had run off. The univalent 
ions were washed out more slowly than the bivalent ions from the snow. 
Henriksen stated that the vertical transport of solids through the profile of snow during 
melting gave substantial enrichment of pollutants in the melt water during the first part 
of the snow melt. The concentration of pollutants was shown to be 3 to 5 times higher 
in the first melt water compared with the original snow. These tests were carried out 
under ideal conditions: constant temperature and uniform melting during a short 
period. In reality the temperature varies and many melting cycles of varying length 
occur.  

"Sneens  kjemiske sammensetning  som  indikator pd luftforurensninger" 
[The chemical composition of snow as an indicator of air pollution] 
Gjessing  Y.  and Gjessing  E.  (1975) 

The aim of this study was to investigate how chemical components in snow would 
change when the volume of air between the snow and ice crystals changed. The 
filtration characteristics of a volume of snow were studied. The idea was that by 
analysing a homogenous snow profile a good value for the total supply of pollutants 
would be obtained, especially for areas where local deposition could be neglected. 
Field measurements were carried out using five snow columns in three series: in 
February, March, and April 1974. The columns were supplied with an artificial air 
flow. 
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The results showed that there was an enrichment of components in the whole volume 
of snow and that this enrichment was greatest in the top. 
Aerosols were transported far down before they were absorbed. After filtration in the 
columns the concentration of some components more than doubled in the snow. 
Gjessing concluded that the volume of snow acted as a mechanical filter for aerosol 
particles when the free air volume was changed, as followed by for example changes 
in air temperature, or strong winds.  

"Måling av  torravsettning  på  en seflate" 
[Measurements of the dry deposition on a snow surface] 
Dovland  H.  and Hanssen  J. E.  (1975) 

The aim of the study was to test a relatively simple method for estimating dry 
deposition. The experiments were carried out in February 3-17, 1975 by measuring the 
content of components in snow immediately after snowfalls. The study was carried out 
on a field surface, using 10 plates (30 cmx30 cm) on which the snow was 

accumulated. Samples were also taken at the ambient air. 

For the components that were analyzed, there was an observable increase in the 
concentration with time of sulphate, magnesium, calcium and lead. The increase in 
nitrate was far lower, and for sodium it was almost not significant. The pH-value was 
almost constant. The concentration of sulphate in the snow sample was doubled during 
two weeks, without the pH having changed. The authors assumed the dry deposit to be 
proportional to the background concentration of the studied component. Analyses of 
rime showed that the concentration of pollutants in rime could be high. It was, 
however, concluded that the total contribution from rime was of little importance. 

"Acid precipitation in Norway: the regional distribution of contaminants in snow and 
the chemical concentration processes during snowmelt" 
Jolzannessen M. et al (1975) 

In late winter 1974 samples were taken at natural snow at 24 places in Norway. The 
results showed that the deposits of pollutants were largest in southernmost Norway and 
decreased to the north. 

Laboratory and field measurements showed that the pollutant concentration was 2-3 
times higher in the first melt water than in the snow. Melt-freeze cycles enhanced this 
concentration effect. The melting of contaminated snow caused sudden drops in pH. 
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The laboratory experiments showed that melt-freeze cycles brought about an even 
greater concentration effect, see Figure 6. 

fresh snow 
portly ihowed snow 
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Figure 6. The concentration factor, for pH, versus percentage melt water. 

A fresh snow sample that was first subjected to a slight thawing and then refreezed, 
produced an increase in the amount of chemicals (especially of the bivalent ions 
sulphate, calcium, and magnesium) in the first 30% of melt water compared to similar 
snow that was continuously melted. 

"Chemistry of snow melt water changes in concentration during melting" 

Johannessen M. and Henriksen A. (1978) 

Johannessen and Henriksen studied the release of chemical components, from samples 
of natural snow in Norway, with different pollutant loads under controlled melting 
conditions. This study was carried out both in the field and in the laboratory. The 
samples that were used in the laboratory tests were taken in January 1974 from newly 
fallen snow at three different sites. The results showed that the concentration of 
pollutants was 3-5 times higher in the first fraction of the melt water compared with 
the bulk snow, while the concentration in the last fraction was very low. The first 30% 
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of the melt water volume contained 41-80 % of the total pollutant quantities in the 
snow. The three snow samples from the three sites had different bulk concentrations 
but they all had similar runoff characteristics. 
The results from two field studies, both conducted on natural snow, were reported. 
During the first study a short warm period appeared in February, which resulted in a 
water loss of about 15% of the total water volume and a loss of hydrogen ions 
corresponding to 40% of the total amount of hydrogen ions. The melt water showed a 
high concentration of pollutants compared to the snow. The major snow melt occurred 
at the end of March and the beginning of April. Concentrations in the melt water 
which were 6.5 times higher than those of the bulk snow were obtained. Most of the 
pollutants were released with the first 35% of the melt water. 
The other field study was carried out in 1975. The snow surface had a depth of 35 cm 
and it melted during one week in March. Again, the components were highly 
concentrated in the first fractions of the melt water. Concentrations were 3-6 times 
higher for the first melt water than for the bulk snow. 44-76% of the substances 
followed with the first 30% of the melt water. 
The results from the field study confirmed the laboratory tests, with an even more 
pronounced "first-flush" in the field study. An explanation of these differences given 
was transport of heat into the snow. During natural snow melt when the ground was 
frozen the snow melt was mainly caused by heat transfer from solar radiation to the 
upper surface. The melt water percolated vertically through the snow. During the 
laboratory tests the snow mostly receives lateral heat from the ambient air, which 
made the melt water pass not only through the snow column but also on or close to the 
walls of the container. This probably led to a dilution of the more concentrated melt 
water that had percolated through the snow. This could explain why the "first-flush" 
effects were found to be greater in the field studies than in the laboratory study. 

"Atmospheric fall-out and street cleaning - Effects on urban storm water and snow" 
Malmqvist  P.-A. (1978) 

In 1976 a study was carried out in Gothenburg, Sweden, regarding atmospheric fall-
out and street cleaning, and their effects on urban storm water and snow. Samples 
were taken of snow at areas with different land use, of undisturbed snow on grassy 
surfaces and of snow from the piles alongside streets near the grassy surfaces. The 
samples were taken in early March. The results are shown in Table 1. 
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Table 1. Concentrations of pollutants in snow in Gothenburg, Sweden. 

Population sampling 	COD Pfie  Nt,,t  SO4 Pb  Zn  Cu 

persons/ha site 	 mg/I mg/1 mg/I Ing/1 RA 110  
250 	Grass 	 80 0.41 1.70 <5 250 360 50 

surface 
250 	Street 	 850 	2.10 	3.60 19.3 2610 1030 390 

7400 veh/day 
115 	Grass 	 30 0.11 1.20 <5 	40 50 10 

surface 
115 	Street 	 260 0.54 1.30 7.5 730 330 70 

3600 veh/day 
22 	Grass 	 10 0.09 0.82 <5 	40 60 10 

surface 
22 	Street 	 260 	1.63 	1.60 5.5 730 330 120 

1500 veh/day 

The table shows that the mean concentrations of pollutants in snow from streets were 
about 10 times higher than the mean concentrations for snow from grass surfaces. 
Further, the concentration of pollutants in snow along streets was found to be on 
average 5 times higher than in "normal" storm water from the same areas. Malmqvist 
found it probable that receiving water would be polluted by urban snow. 

The study showed that 20% of the organic matter, 25% of the total phosphorus and 
70% of the total nitrogen in urban storm water was contributed from atmospheric fall - 
out. The corresponding value for the heavy metals varied between 7% and 40%. With 
regard to the storm water quality, local metal sources were found to be more important 
than fallout. Examples of such sources were the corrosion of building materials and 
vehicles. 

Accumulation of pollutants in snow has also been observed by Lisper (1974) in a 
series of samples from newly fallen snow, composite snow and melt water, as shown 
in Figure 7. The concentrations of heavy metals in melt water were 6 times higher 
than concentrations in falling snow. The time between snowfall and melting, the 
intensity of dust fall, and other factors were said to determine the concentration levels. 
Lisper also concluded that if the snow melt and a heavy rain occurred at the same 
time, very high metal concentrations can be obtained. 
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Figure 7. Heavy metals in different types of snow.  

"Snö och snöhantering i  Lund  vintern  1978-1979"  
[Snow  and  snowhandling  in Lund  during  the  winter  1978-1979]  
Hogland  W. (1979) 

The aim of the study was to design a water budget for the Lund city center. During the 
study samples were taken for analysis at untouched snow, snow along streets, storm 
water, receiving water, and atmospheric fallout. Additionally, an inventory was made 
of weather and snow conditions, and of snow handling practices. 
During a normal winter, only one snow deposit which is located near the treatment 
plant is used. In the season of 1977/78 less than 4000 m3  of snow was transported to 
this deposit. During 1978/79 an unusually large amount of snow fell and many 
deposits were established. The pH-value of newly fallen snow, taken on January 10, 
1978, was 3.8-5.1. This may be compared with samples of snow taken on February 19-
20 which had a pH of 6.6-7.3. 

During the year of 1978/79 the total amount of zinc that fell over Lund was 380 kg, 
and almost the same amount of lead fell. Regarding copper, 910 kg fell which is about 
4 times the amount found in storm water. 190 kg of phosphorus and 23.5 kg of 
chloride fell. These values were high compared with those found in studies in 
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Gothenburg, Denmark and Finland. Also concentrations found in untouched snow and 
in snow along the sides of streets were higher than in other studies. 
During this same season the Municipality of Lund used 2400 tons of salt on the streets, 
and 300 tons were also spread on the pedestrian and walking streets. Of the amount 
spread, 350 tons ended up in the storm water net work and more than 30 tons at snow 
deposits. 350 tons entered and passed the treatment plant. (The author's opinion is that 
not all of that could originate from street salts). 

The transport mechanisms and phase interactions of bioavailable heavy metals in 

snow melt runoff 

Morrison G.M.P. et al (1986) 

This study aimed at determining the metal speciation, as a means of evaluating the 
potential toxicity of these pollutants. It also aimed at investigating the exchange 
mechanisms between solid and liquid phases for the heavy metals. The study was 
carried out in Gothenburg, Sweden. During the measurement period the pH-value of 
the melt water at the outfall varied between 6.7 and 7.4 despite the fact that the it was 
4.0 for the rainfall. It was concluded that the water had increased its buffering capacity 
during the transport on the road surface and in the pipes. 
The concentrations of metals in the melt water were compared to EPA standards, 
shown in Table 2. This comparison showed that zinc, copper and cadmium existed 
above the threshold limits for considerable periods of time. Copper and cadmium also 
exceeded the level of significant mortality for 59% and 12% of the snow melt, 
respectively. 

Table 2. EPA recommendations for intermittent exposure and the percentage time in 
which these values were exceeded in snowmelt runoff.  

EPA threshold toxicty EPA significant mortality 
Metal 	Time 

concentration 	exceeded 
Metal 	Time 

concentration 	exceeded 
(WO (%) (141) (%) 

Zn  380 61.0 870-3200 
Cd  3 42.0 7-160 12 
Pb 150 3.6 350-3200 
Cu 20 77.0 50-90 59 
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"Transport and Chemodynamics of Organic Micropollutants and Ions during 

Snowmelt"  

Schöndorf  Th. and Herrman  R.  (1987) 

The aim of the study was to investigate the chemodynamics and transport behavior of 
organic micro-pollutants and inorganic ions in melting snow. 
Both laboratory experiments and field measurements were carried out. Snow samples 
for the laboratory study were collected during March 1985 and January/February 1986 
in Fichtelgebirge, Germany, from homogeneous snow layers. Homogeneity increased 
when the snow was mixed, which resulted in a slightly higher density than that of the 
undisturbed snow. The experiments were carried out in three different configurations: 
a/ old snow,  b/  old snow which was thawed and then refreezecl and  c/  fresh snow. 
The field measurements were performed in March 1986, seven days after the 
beginning of a melting period, along a wall of highly metamorphosed and partly wet 
snow pack. The concentrations of selected organic micropollutants and inorganic ions 
were measured. 
The inorganic ions were found to be washed off irregularly with the melt water, in 
contrast to the organic micropollutants which followed a regular pattern. 
High concentrations of the hexachlorohexane, (HCH), isomers were found in the first 
and the fmal melt water fractions, while the melt water in-between contained nearly no 
HCH. 
More than 90% of the total amount of polycyclic aromatic hydrocarbons,  (PAH),  
remained in the column and was only released with the fmal melt water, which led to 
high  PAH  concentration in the last melt water. The differences in transport behavior of 
the organic micro-pollutants were said to be attributed to their physical and chemical 
properties, and primarily to their solubility and their partition coefficients. 
When the columns with snow were melting the HCH isomers showed a distinct 
ambivalence with regard to their transport behavior. On one hand they were washed 
away from crystal surfaces, out of pore water and from surfaces of particles in 
dissolved phase by the percolating melt water. On the other hand they were enclosed 
into coagulants of smaller particles or were adsorbed on particles which remained on 
the snow surface and were thus concentrated in the final melt water. 
The authors concluded that the snow melt in central Europe could be divided into two 
types: 
a/ one with a shallow snow pack, in low altitudes, that predominantly melts already 

during the winter with rainfall.  
b/  one with a deep snow pack, in higher altitudes, which generally melts in spring 

under the influence of strong radiation with frequent thaw and freeze cycles. 
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These two types were said to behave differently regarding the composition of the melt 
water. The contaminants in the a/-type snow were washed away with the percolating 
melt water and rain water. The concentrations of micro-pollutants depended on their 
partition coefficients. From the  b/-type of snow, the deep snow pack, two HCH waves 
were released, one at the beginning consisting of dissolved substances and one at the 
end consisting of particles. In a deep snow pack the spatial and temporal distribution 
of organic micropollutants and ions was also influenced by the snow structure, e.g. ice 
layers and the formation of "pipes" within the snow. 
Since the  PAH  were predominantly adsorbed onto particles, approximately 90% of all  

PAH  from the studied snow columns were washed off with the last 20% of water 
during the snow melt. 

"Quality of used snow discharged in the St Lawrence River" 

Zinger I. and Delisle C.E. (1988) 

This article describes the different used snow qualities found in the Montreal area, 
with a more detailed study of the content of various pollutants. 
During the winter of 1983/1984 samples were taken at three different snow dumping 
sites. Analysis of these samples showed a large variation of pollutant concentrations. 
These variations were explained by the origin of snow collected and the time the snow 
had stayed on the street. The predominant ions in urban snow were found to be 
present in the same proportions as in natural snow (Lewis et al, 1983): the 
concentration of chloride, sulphate, nitrate and sodium were higher than those of 
calcium, magnesium and ammonium. 

The pollutants were analyzed in three groups, according to particle size: <0.45 pm; 
0.45-63 pm and 63-180 pm. In the particle size range 0.45-63 mm the quantity of 
heavy metals represented more than 70% of the total suspended solids in this size 
range. This quantity of heavy metals represented 9.4% of the total amount of the total 
solid material present in the sample, or 17% of the insoluble material. 
Principal component analysis was performed to enable clustering of parameters and to 
highlight elements that tended to behave similarly. Two main groups were recorded: a/ 
chloride, nitrate, sodium, potassium and conductivity;  b/  suspended solids, phosphate, 
magnesium. The heavy metals were analyzed separately due to their specific 
anthrophogenous origin from vehicles. All heavy metals were found clustered 
together. 
Zinger suggested that in further studies of urban snow it would be sufficient to analyze 
the three components chloride, suspended solids and lead. 
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"Pilot study of the chemical characteristics of urban snow melt water" 

Westerström  G.  (1989) 

During 1986 a field study was carried out in  Luleå,  Sweden. During the winter natural 
urban snow was accumulated on a field lysimeter. In the spring both the snow and the 
melt water were analyzed with respect to pH, conductivity, sulphate, nitrate and 
chloride. With the exception of the very first melt water which was diluted with rain, 
there was strong enrichment of all the ions initially. The maximum concentration 
factors were for conductivity:5, hydrogen: 9, chloride:6, nitrate:5 and sulphate:8. All 
components showed a strong initial peak and then declined quickly. At the end of the 
melt period concentrations were very much reduced. The results indicated that 65% of 
the total amount of hydrogen followed with the first 25% of the melt water. 
Westerström suggested that by storing or treating the first 25% of the melt water from 
urban areas the environmental impact of pollutants could be significantly reduced. 
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5. Summary of and comments on the studies in  Luleå  

These studies aimed at investigating the melt water from urban snow deposits. This 
was done by measuring, sampling, and analysing the melt water from pilot snow 
deposits during two winters. During 1991 one pilot snow deposit was constructed, and 
in 1992 two pilot snow deposits were constructed within the University campus area. 
In Figure 8 the pilot deposit in 1991 is shown. 

Figure 8. The pilot snow deposit in 1991, at the day of construction. 

In 1992 the two deposits were shaped differently, in order to find out if the shape of 
the deposit had any influence on the runoff intensity. One deposit (the "low deposit") 
had a height of 2.2 m, the other one (the "high deposit") had a height of 3.8 m. In 
Figure 9 the pilot snow deposits in 1992 are shown. 
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February, at the day of construction 

April 

Figure 9. The pilot snow deposits in 1992. 

The pilot study was supplemented by a laboratory investigation carried out in 
December 1992. The snow samples were placed in three polyethylene lysimeters with 
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a volume of 25 1 each. For all these studies snow from the city center of  Luleå  was 
used and compacted so that the densities were approximately the same as the density 
of a full-scale snow deposit. 
The snow, melt water and gravel, were analysed with respect to phosphorus, nitrogen, 
chemical oxygen demand, and the heavy metals cadmium, copper, lead and zinc. 
Water flows and temperature were measured continuously for the pilot deposits. The 
experimental arrangements, measurements, analyses and the results are reported in the 

three papers of this thesis. 

5.1 Time variations 

The laboratory study showed that the variation of concentrations with time differed 
depending on the type of pollutant. For phosphorus, COD and the heavy metals the 
concentrations changed during the whole melt period, and at the end of melting they 
had a peak value. On the other hand, chloride, sulphate and nitrogen showed a peak at 
the beginning and then declined. Hydrogen also had a short peak at the beginning, but 
then concentration increased with time. Nitrogen had a peak both at the beginning and 
at the end. 

The pilot deposit study showed similar results regarding the dissolved components, 
while there was no last flush for substances connected to particles. Instead those 
components only to a small extent left the deposit with the melt water, while the main 
parts stayed on the ground in the alluvium. 

The differences between the laboratory and field experiments were explained by the 
fact that the laboratory lysimeters allowed the particles in the runoff to be sampled 
together with the water. In the pilot plant experiments the water was sampled only 
after it had passed the alluvial bed below the deposit. In this way the water was filtered 
through the gravel and sand that was collected on the ground with time. 

In a full-scale snow deposit the conditions should resemble the conditions of the pilot 
plants in this respect. The dissolved substances leave the snow deposit at the beginning 
of the melt period, and reach the receiving water. Some of the substances that are 
attached to particles will leave the deposit at the end of the melt period, but most of the 
particles will stay on the ground after the deposit has melted. 
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5.2 Effects of melting and freezing cycles 

In the laboratory study repeated melting and freezing cycles were shown to delay the 
transport of particles through the snow pack. An explanation of this was the formation 
of ice layers or lenses within the snow pack, where particles were accumulated and 
detended. The particles were also filtered during their passage through the snow. 
These results agreed with results from a study carried out by  Schöndorf  and Herrman 

(1987). 
The runoff of dissolved substances was not affected by the melting and freezing 
cycles. This finding was in contradiction to results obtained by Johanriesen (1975), 
who found that there was a higher concentration of hydrogen ions at the beginning of 
the melt period in snow that was thawed and then refreezed than there was in snow 
that was directly thawed. Johannesen's study was carried out on natural snow with a 
low initial  pli-value. 

5.3 pH 

The pH-value for all the experimental set-ups was found to be around 7. The lowest 
measured pH was 5.7. Occasionally pH-values above 8 were obtained. 
During the laboratory study a small decrease in the pH-value was detected in the very 
first melt water. This decrease was so small and of such short duration that it did not 
affect the mass flow of hydrogen ions. Thus, a so-called acid shock was not found. 
This may be compared with previous studies carried out in Norway (Johannessen, 
1977) and in Sweden (Westerström, 1989) on natural snow, in which acid shocks have 
been demonstrated. Possible explanations to why urban snow in deposits behaves 
differently from natural un-touched snow surfaces are: 
a/ The pH of natural snow is much lower than that of urban snow, 3.2-5.5 for natural 

snow in  Luleå  (Westerström, 1989) compared to 5.7-8.3 for urban snow in this 
study.  

b/  The high concentration of solids in urban snow deposits act as a buffer. Another 
substance that may act as a buffer is phosphate.  

c/  The melting process of a hard-packed, high-density snow deposit, concentrated in a 
small area, is quite different from that of a natural snow surface. 
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5.4 Runoff intensity 

Although not a specific objective of the study, runoff intensities from the pilot plants 
were measured throughout the melting season. Maximum runoff intensities were 3.3 
=nth in 1991, and in 1992 5.2 irun/h for the low deposit and 5.9 nun/h for the high 
deposit. The mean ambient air temperature was higher in 1992 than in 1991. It seems 
as if air temperature had a greater influence on the runoff intensity than the shape of 
the deposit. No reports of studies of melt water runoff intensities from snow deposits 
have been found in the literature. The Swedish Environmental Protection Board (SNV, 
1990) gives a theoretical maximum value of 3.3-5 nun/h. 
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6. Discussion. Further research 

The strategy adopted by the Swedish Environmental Protection Board (SNV, 1990) is 
based on the separation of urban snow according to its degree of pollution. If this 
strategy is going to be implemented in a larger scale, it will be necessary to develop 
criteria for the separation. Factors that are involved are for example: traffic intensity, 
type of area (industrial, domestic, commercial...), and the time interval between 
snowfall, snow clearance and transport. Investigation of the quality of snow at 
different locations and at different times will be needed. 
It is also possible that the melt water from deposits must be treated, since separation 
will result in deposits composed of dirtier snow than today. Special characteristics of 
the melt water are low temperature, and high concentrations of chlorides and metals. 
This requires new treatment methods. One method that may be of interest is filtration 
through peat. Studies have shown that peat filtration gives good results for cold water, 
(Viraraghavan, T. and Dronamraju, M.M., 1993), but also that a high concentration of 
chloride has a negative influence on the process, (Chaney, R.L. and  Hundeman,  P.T., 
1979). 

For a deeper understanding of the runoff and treatment processes further studies of the 
melting process will be required. The distribution of different components in or at the 
surface of snow and ice crystals should be studied. Today there is reason to believe 
that most of the pollutants are found at the surface of the snow crystal.  Odén  and  
Bergholm  stated that snow is formed in relatively clean air and that pollutants are 
adsorbed at the surface of the crystal when it passes through polluted air. It is also 
known that in the ice crystal small amounts of some components may be included in 
solution (Fletcher, 1970). 

The particle distribution of different components in melt water is not fully known, and 
should be studied as an important basis for the choice and design of treatment 
facilities. 

The investigations in  Luleå  have shown that most of the pollutants that are connected 
to particles stayed on the ground when all the snow melted. Studies should be 
undertaken concerning how strongly these pollutants are attached to the particles and 
how high the risk is that they will be washed out by high ground water levels or by 
acid rain. 
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ABSTRACT 

A pilot snow deposit with a volume of about 200 m3  has been set up and 

studied at Lulea, Sweden, during the winter of 1991. The snow originally 

cane from the central areas of the city of  Luleå.  The water that ran off 

from the deposit was studied, especially in regard to flow, temperature 

and composition. The aim of the study has been to create a rough picture 

of the course of events as a basis for a more detailed study. Items 

presented in this study are, among others: the pH of the runoff water, the 

temperature, and also its content of chloride, lead, cadmium and copper as 

a function of time. A so-called acid shock, that has been found in other 

investigations, did not occur. During the winter measurements were also 

made below the large snow deposit of the city of  Luleå.  These measurements 

indicated that the ground under the deposit melted from below. 

KEYWORDS 

Meltwater quality, Meltwater chemistry, Snow deposit runoff, Snow deposit 

pollutions 

1. INTRODUCTION 

Urban snow deposits may during the melting season cause environmental 

impacts on receiving waters (surface water and ground water). The Swedish 

Environmental Protection Board has recently recommended /2/ that snow from 

heavily polluted areas such as roads and city center streets should be 

separated from snow from less pollutedareas such as domestic areas. This 

will emphasize the problem: the runoff from snow deposits will cause even 

657 



greater environmental impacts in the future. These impacts have been 

assessed in a report /1/. 

In 1989 an inventory for the Swedish municipalities snow handling was 

carried out, covering technical, economic as well as environmental aspects 

/4/. The study showed that closeness, and therefore reduced transport 

distance, was the most common factor determining the location of a snow 

deposit. The study also showed that only one municipality separated the 

snow into clean and polluted snow, and one said that it planned to carry 

out separation. 

In order to study the runoff from snow deposits a research project was 

initiated at the University. The project aimed to quantify the runoff of 

certain components from deposits, and their variation with time and other 

variables, e.g. air temperature. In a following phase of the project it 

will be studied how a snow deposit should be arranged and maintained in 

order to minimize the environmental impacts. 

2. MEASUREMENTS AND ANALYSES 

A pilot snow deposit was in February 1991 built at the University area, 

using polluted snow from the city center of  Luleå.  The snow was located on 

an asphalted field lysimeter. Before the snow was laid out an area of 125 

m
L2 

was covered with a 0.3 mm polyethylene film. The inclination of the 

area was 2%, and this was selected in order to facilitate a satisfactory 

run-off. At the lowest point of the lysimeter there was a polyethylene 

pipe that lead the water to a well, where measuring equipment had been 

placed. 

The deposit had from the beginning a volume of about 200 m3. The runoff 

from the deposit was studied during the spring of 1991. Water flow, 

conductivity,  redox  potential and temperature were continuously measured. 

pH was measured both continuously and manually. Samples tor chemical and 

physical analyses were taken twice a day, two days a week as long as the 

melt water kept running. During two days the runoff was analysed in more 

detail, with sampling every two hours for 24 hours. Air temperature and 

humidity were recorded continuously. Samples have also been taken and 

analysed of the snow itself and of percolating water in the deposit. 
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The flow was measured by a tipping-bucket-type meter during low flows and 

a standard water meter during high flows. In addition random samples of 

the flow were taken manually in order to check the precision of the meter. 

The water samples that were taken were analysed using a polarograph, an 

electrochemical method, with regard to heavy metals: cadmium, lead and 

copper. The samples were analysed for total heavy metal concentration. In 

addition total phosphorus, COD, and suspended solids were analysed four 

times a week (Monday and Thursday 8 am and 8 pm). During one 24-hour 

period (28 March, 5 am - 29 March, 4 am) analyses were carried out for 

both total and dissolved concentrations in order to compare the 

relationship between these, (not reported here). Analyses were also 

carried out using the ion chromatography method with regard to anions: 

chloride, sulphate and nitrate. These samples were taken once a week 

(Monday 8 am). During the two days of more intensive study described 

above, analyses were carried out on all the above-mentioned components 

every other hour. 

3. RESULTS AND DISCUSSION 

3.1 Runoff 

The total accumulated quantity of runoff during the period of measurement 

was measured to be 100 m
3
. The pilot deposit initially had a volume of 202 

m
3 
and density samples showed that the density of the deposit was about 

560 kg/m3. This gives that the quantity of snow corresponded to a volume 

of water of 113 m
3
, which agrees reasonably well with the measured values 

taking into account those quantities that had leaked away or evaporated. 

Figure 1 shows the water flow and the air temperature during the entire 

period of measurement, which lasted from 11 March to 29 May. There is a 

relation between air temperature and runoff. The air temperature increased 

steadily during the melting period, with the exception of certain 

fluctuations, from -15°C to +10°C. In the middle of the period of 

measurement there was a reduction in temperature, which was followed by a 

reduction in run-off. It is worth noting that at the beginning of the 

period, when runoff was very slight, runoff with below-zero temperatures 

was obtained, possibly due to the high chloride concentration. 
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Figure 1. The runoff and air temperature during the melting period, (mean 
daily values). 

The greatest runoff during a 24-hour period was 210 l/h, on 27 April. On 

the same day the greatest runoff during an hourly period was noted, 409 

l/h (4.30 p.m.). In figure 2 are shown runoff and air temperature during 

the 24-hour period, 28-29 March. (Since this was the first intensive 

melting day, the flow curve in figure 2 is not typical for the following 

days). There is a clear relation between the runoff and the air 

temperature. This meant that the maximum runoff usually occurred during 

the afternoon or evening and then declined during the night. 
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Figure 2. The runoff and air temperature during the 28 - 29th March 
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As well as the air temperature, melting is influenced by the albedo of the 

sun, that is to say the ratio of the radiant flux that is reflected. The 

albedo for a covering snow that is a day old is about 0.75, while dirty 

snow in the town has an albedo of about 0.25 /2/. This means that the 

dirtier the snow is the more solar energy it absorbs, that is to say the 

quicker it melts. 

No measurements of the intensity of melting for snow deposits have been 

made previously. A theoretical value has however been obtained, giving a 

melting intensity for a snow deposit of between 3.3-5 mmdh /2/. The pilot 

deposit had a maximum runoff of 409 l/h and an area of 125 m2: this gives 

a maximum intensity of 3.3 mm/h. The measurements this year indicate that 

the estimated value is in relatively good agreement. 

3.2 Concentration 

Figure 3 shows how the concentrations of chloride, cadmium, lead and 

copper varied with regard to time for the whole period of measurement. 

Figure 3. The concentrations during the meltperiod 
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The figure shows that all the  solida  had a concentration peak at the start 

of the period of measurement, and that they then declined. After the peak, 

the concentrations varied more or less with time. Lead had the greatest 

fluctuations and chloride had the least variation. The greatest value for 

lead was about 5 - 6 times greater than the "stable" concentration. The 

corresponding values for copper and chloride were 12-15 times and 5 000 - 

6 000 times respectively. The variation for cadmium is difficult to 

comment on since the concentrations were below 0.2 mg/1, (below detection 

limit), for the greater part of the period of measurement (with the 

exception of 6 May when it was 0.33 pg/l). Figure 4 shows how the 

concentrations varied in the period 28-29 March. Relatively large changes 

occured over a couple of hours. It may also be noted, (by comparing with 

figure 2) that when the runoff increased the chloride concentration 

decreased. 

Previous studies of natural snow have shown that 30% of the initial runoff 

on average contained 57% of the chloride, 76% of the lead and 45% of the 

copper /3/. The corresponding values for the snow deposit in  Luleå,  were 

92%  (Cl),  31% (Pb) and 43% (Cu). A snow deposit melts on the surface and 

the water runs down the sides of the deposit while the core still is 

frozen and the solids thus remain. A natural snow surface melts more or 

less throughout the entire depth, and the impurities therefore follow with 

the first runoff. 

The concentrations found in the study seem relatively low compared to 

values reported on in the literature. The snow has, however, been picked 

from a randomly chosen area. The purpose has not been to study the level 

of concentrations, merely the variations of concentrations. 

Figure 4. The concentrations during the 28 - 29th March 
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In figures 5 and 6 are shown the variation in pH for the whole period of 

measurement and for the intensive day of 28-29 March respectively. The 

water was almost neutral throughout the whole period of measurement. The 

lowest pH value that was measured was 5.7, (which cannot be deduced from 

figure 5 since the figure shows the average value of a morning and evening 

value). 

28/3 W4 1W4 28/4 8/6 18/8 28/6 

Figure 5. The pH during the meltperiod 

Previous studies of natural snow covers have shown that an "acid shock" 

occurs at the beginning of the melting period /5/. Figure 5 shows that 

this phenomenon did not occur during the melting period of the snow 

deposit. The pH of the meltwater from natural snow was between 3.2 and 

5.5 /5/ while the pH of meltwater from the snow deposit varied between 

6.0 and 7.2, (average daily values). 

7.5 

7 

0.6 

Figure 6. The pH during the 28 - 29th March 
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The reason for an "acid shock" occurring in a natural snow cover but not 

in a more compact snow deposit may possibly be that in a snow deposit 

there is an equalization effect. Another explanation may be that there is, 

in the sand in the snow deposit, a buffer capacity that does not exist in 

natural snow. 

3.3 Massflow 

Massflows for the heavy metals and the chloride have been calculated. No 

calculations were carried out for cadmium since most of the samples had 

concentrations below detection limit. Figure 7 shows massflows for 

chloride, lead and copper. Lead and copper showed a similar pattern with 

low concentrations at the start of the period which then increased when 

the runoffs increased and decreased when the runoffs decreased. 

As has been mentioned previously the project will continue during the 

coming winter when two pilot deposits will be built. These will be shaped 

differently in order to study whether the shape of the deposit is of any 

importance. Measurements will be carried out on runoff as regards flow and 

composition in order to obtain more reliable information. Furthermore, 

measurements will be carried out inside the snow deposit., in order to 

study how the deposits melt and of how impurities move inside the deposit. 

Also the albedo of the snow will be studied. 

19/3 
	

6/4 	 24/4 

Figure 7. The massf lows during the meltperiod 

The initial quantity of lead in the snow was about 89.5  g  of which 1.5  g  

ran off with the melt water, which indicates that about 88  g  remained in 
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the gravel below the deposit. When all the snow had melted two samples 

were taken on the material that was left on the test area. These were 

analysed with regard to heavy metals. The samples held 139.5 gg/g and 14.5 

gg/g respectively. The high concentrations were associated with 

fine-grained material and the low concentrations with coarse-grained 

material, and the average value should lie between these. The gravel 

weighed a total of 1 870 kg which means that the gravel contained between 

27 and 260  g  lead indicating that 84  g  is of the right magnitude. That is 

to say that about 2% of the lead left with the runoff while the remainder 

stayed on the surface in the sand/gravel. The equivalent value for copper 

was 22%. The relationship between these percentages seems probable since 

lead is to a greater degree bound to suspended solids than copper is. 

4. TEMPERATURE MEASUREMENTS BELOW A SNOW DEPOSIT 

Temperature measurements were carried out during the winter of 1991 below 

the large snow deposit of the city of  Luleå.  This deposit had a volume of 

about 200 000 m
3
. The temperature gauges (resistance temperature detector 

type, (RTD)), were placed at three points below ground under the deposit 

at a depth of both 20 and 40 cm respectively, one under the initial 

deposition zone; one under the zone layed-down during the middle of the 

snow period; and one under the zone deposited near the end of the snow 

accumulative period. In addition a gauge was placed about 10 m outside the 

area of the deposit. The measurements showed that the temperature under 

the initial zone of the deposit increased with time and was, at the 

beginning of March 0°C at a depth of 20 cm and 0.2°C at a depth of 40 cm. 

The zero degree zone then extended in the direction of deposition so that 

in May it had almost reached the centre of the deposit. The outer edges of 

the deposit were still frozen. 
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ABSTRACT 

Two differently shaped pilot snow deposits have been 
constructed in  Luleå,  Sweden. Samples were taken of the 
initial snow, the melt water runoff during the melt season, 
and the remaining gravel. The samples were analyzed for COD, 
nitrogen, phosphorus, and heavy metals. It was found, that 
most of the pollutants ended up in the gravel below the 
deposits, and that only a minor fraction ran off with the 
water. This was especially the case for lead and phosphorus. 
It was also found, that the first part of the runoff 
contained most of the COD and nitrogen, while the phosphorus 
runoff followed the water. For the heavy metals a more 
comlicated pattern was found. 

I. INTRODUCTION 

In the northern part of Sweden, where  Luleå  is situated, a 
great amount of the precipitation falls as snow during the 
winter. The snow that falls on cities and roads must be 
cleared, and most of it is transported to snow deposits. It 
is current practice to transport all of the cleared snow to 
one single deposit, regardless of the snow quality 
(Viklander 1991). The Swedish Environmental Protection Board 
(Falk 1990) has recommended, that urban snow should be 
separated into heavily polluted and less polluted snow. 
Heavily polluted snow is snow from roads with heavy traffic 
and from city center areas, while less polluted snow comes 
from residential areas with little traffic. In addition, 
snow that remains on the ground for weeks or more is 
regarded as more polluted than snow that is cleared within 
days of the snowfall. The less polluted snow can be 
deposited in any stream or water, that normally receives 
urban stormwater. The more polluted snow must be taken care 
of in a safe manner. This would normally be achieved by 
using a snow deposit that is constructed and operated in 
such a way that the environmental impact is kept to a 
minimum. This separation also means, that transportation 
costs and the environmental effects from transport of snow 
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will be reduced. The melt water from a snow deposit that 
contains only heavily polluted snow must be taken care of. 
Different strategies may be adopted, such as a local 
treatment plant, local infiltration in ditches or 
infiltration basins, or transport of the melt water to a 
central treatment plant. The best strategy to adopt depends 
on local circumstances, costs, and water quality and 
properties. It is also essential that the variations of flow 
over time are known. 

In order to study these questions, a pilot snow deposit with 
a volume of 200 m3  was constructed and investigated in 1991 
(Viklander 1992). Phenomena studied included the acid-shock. 
Earlier investigations, performed on natural snow, had shown 
that the first part of the melt water had a dramatically 
lower pH than the main part of the melt water (Johannessen 
et al 1977, Westerström 1989). Such an acid-shock was not 
found when studying the pilot snow deposit. Another 
important finding was that most of the pollutants in the 
snow remained on the ground surface below the deposit, and 
that these were not transported further. It was decided that 
another pilot deposit should be constructed and investigated 
in more detail the following winter of 1992. 

II. MEASUREMENTS AND ANALYSES 

In February 1992 two pilot snow deposits were constructed 
within the University campus area. The snow was collected 
from streets in the city center of  Luleå.  One deposit (the 
"low deposit") had a height of 2.2 m and an initial snow 
volume of 225 m3. The other deposit (the "high deposit") had 
a height of 3.8 m and a volume of 200 m3. The test areas 
were covered with plastic tarpaulins before the snow 
deposits were constructed, so that all the runoff could be 
measured and sampled. At the lowest points polyethylene 
pipes led to a well for measuring and sampling. Snow samples 
were taken the same day as the deposits were built. The 
water was sampled twice a day, two days a week. The samples 
were analyzed for heavy metals, (cadmium, lead, 	copper, 
zinc), phosphorus, nitrogen, COD, conductivity and pH. Water 
flow and temperature were continuously measured. The flow 
was measured by a level gauge at a V-shaped overflow, 
supported by manual measurements for calibration purposes. 

III. RESULTS 

The seasonal melting of the snow started on March 1, and 
ended on May 31, for both deposits, Figurp 1.  
The runoffs from both deposits followed the daily mean air 
temperature, until the temperature  rised  above zero (April 
25), after which the runoffs steadily increased. After May 1 
the volumes of the deposits had decreased so much, that the 
flows also started to decrease, and the runoffs stopped at 
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May 31. The runoff from the 
low deposit was somewhat 
delayed in comparison with 
the high one. The volumes of 
snow and initial snow 
densities can be seen in 
Table 1. The daily runoff 
patterns were similar for 
the two deposits: maximum 
flows during the afternoons. 
The highest runoffs occurred 
on May 1. The highest daily 
mean melt intensities were 
2.8 mm/h for the low 
deposit, and 2.7 mm/h for 
the high one. The highest 
hourly melt intensities were 
5.9 mm/h, and 5.2 mm/h, 
respectively. 

Figure 1. Runoff, air temperature and precipitation during 
the melting period (mean daily values). 

Table 1. Snow volumes, densities and melt water volumes. 

Snow volume (m3) 
Density (kg/m3) 
Water volume (m3) 
Water volume* (m3) 

* measured 

Low High 
225 200 
720 710 
162 142 
158 131 

Table 2. Concentrations of pollutants in inital snow, melt 
water and gravel  

P-tot  N-tot COD Cu  Zn  Cd  Pb pH 
snow 	(mg/1) 	(mg/1) 	(mg/1) 	(µg/1) 	(µg/1) 	(µg/1) 	(µg/1) 
Low 	4.0 	4.9 	46 	190 	246 	nd 	342 	8.4 
High 	5.3 	2.7 	39 	130 	230 	nd 	408 	8.2 
Melt 	(µg/1) 	(mg/1) 	(mg/1) 	(µg/1) 	(µg/1) 	(µg/1) 	(µg/1) 
water  
Low 	46-140 0.2-14 1-37 nd-49 nd-63 nd nd-4.4 6.7- 

8.3 
High 41-140 0.2-18 2-19 nd-270 nd-200 nd-6.7 nd-8.7 6.8- 

8.3 
Graver  (mg/kg) (mg/kg) (mg/kg) (g/g) (g/g) (µg/g) (µg/g)  
Low 	1100 	63 	1600 	550 	1300 	nd 	220 
High 	1300 	67 	1700 	550 	1500 	nd 	230  

Measured concentrations of selected substances in the 
initial snow, in the melt water, and in the gravel that 
accumulated on the plastic sheets below the deposits and 
remained there, are accounted for in Table 2. The values for 
the snow and the gravel are averages for several samples. 
The melt water values are given as the smallest and largest 
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weekly mean values, with exception for pH where the smallest 
and largest values are given. 

The snow in the two deposits had been taken from adjacent, 
but not identical locations, which is reflected in the 
concentration values. With some exceptions, the 
concentrations in the melt water and in the gravel from the 
two deposits were of the same order of magnitude. The 
concentrations are only relevant for the particular snow 
that has been used in this investigation, and cannot be 
taken as typical for snow deposits. 

High deposit 

P  —••  N 	COD  Cu 	Pb 	Zn  

Figure 2. Variations of concentrations in runoff over time 

Figure 2 shows the variations of concentrations over time 
during the whole melt period. The variations are difficult 
to interpret, and no clear and explainable differences can 
be seen between the two deposits. Very generally it seems 
that the COD and the total nitrogen concentrations were 
highest at the beginning of the period; that the total 
phosphorus concentrations varied during the whole period; 
and that the heavy metals showed concentration peaks and 
between these very low (not detectable) concentrations. The 
maximum values of concentration of pollutants did not always 
occur at the same time as the flow maxima. 

IV. DISCUSSION 

The variations in concentrations may depend on several 
factors, such as how the pollutants are attached to 
particles, how the melting occurs (melting - refreezing - 
melting) within the deposits, how runoff occurs (in the 
deposits or on the surface of the deposits), and the total 
amount of available material. Conclusions concerning the 
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mechanisms governing runoff of the studied pollutants cannot 
be drawn on the basis of the results obtained. The 
filterability of the pollutants will be studied and reported 
in a subsequent project. 

The shape of the deposits did not turn out to be of major 
importance considering the melt water runoff intensity. 
A comparison may be made between the two deposits studied in 
this investigation, and the deposit studied during 1991. The 
deposit studied in 1991 was of about the same size and 
shape, but the snow had initially a much lower density (560 
kg/m3  compared to 720-710 kg/m3), resulting in a considerably 
lower runoff intensity (1.7 mm/h compared to 2.7-2.8 mm/h as 
a daily maximum, and 3.3 mm/h compared to 5.9-5.2 mm/h as an 
hourly maximum). The ambient temperature was higher in 1992 
than in 1991.Runoff intensity was influenced more by the 
initial snow density and the ambient temperature than by the 
shape of the deposit. 

Figure 3. Percentage pollutants - percentage melt water for 
the whole period. The coarse lines refer to the 
low deposit, and the fine lines refer to the high 
deposit. 

Earlier studies, mostly on natural snow in non-urban areas 
have shown that pollutant concentrations were higher in the 
beginning of the melting season than at the end. This has 
not been found to be the case for all substances in the  
Luleå  study. Most of the pollutant concentrations varied 
during the entire runoff period. 
Graphs showing the accumulated quantities of pollutants 
versus the accumulated runoff, both in percent, are shown in 
Figure 1. The curves for phosphorus, nitrogen and COD show 
no great differences between the two deposits. The 
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phosphorus runoff followed the melt water, while the 
nitrogen and COD runoffs took place earlier than the melt 
water. When 50% of the melt water had run off, 85%-90% of 
the nitrogen, and 65%-75% of the COD had already run off. 
The graphs for copper, lead and zinc are more difficult to 
interpret. It is believed that the degree to which the 
pollutants are bound to particles is of great importance, 
but the differences between the two deposits are still to be 
explained. It may be noted that the first 30% of the melt 
water contained 92% of the chloride (1991). 

The quantities of the pollutants studied that followed the 
melt water have been calculated and compared to the total 
amounts, as shown in Table 3. 

Table 3. Relative quantities of pollutants that followed the 
melt water , in percent.  

Zn 	Pb 	COD 	N 	P 
High 	10 	0.7 	7.3 	53 	1.3 
Low 	10 	0.4 	7.9 	28 	1.7 

It can be concluded that only a small fraction of the total 
amount of each pollutant followed the melt water runoff, 
with exception of nitrogen. The major fractions were fixed 
to particles, and remained on the ground with the gravel. 
This was especially the case for lead and phosphorus. 
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ABSTRACT 

Polluted snow from the city centre of  Luleå  was sampled and studied in a laboratory investigation. 

The snow was placed in three lysimeters, and the concentrations of pollutants in the snow and in 

the melt water was studied. 

It was found that: 

- the runoff could be characterized by two concentration peaks: one in the beginning and one in the 

end, consisting of dissolved substances and substances attached to particles, respectively. 

- the runoff from an "ice-block" was characterized by a rather uniform transport of particles and 

substances. 

- repeated melting and freezing delayed the runoff of particles and substances attached to particles. 

- an "acid shock" was not found. 

1. INTRODUCTION 

In northern Sweden a large part of the annual precipitation falls as snow. The streets in the cities 

are cleared after every snowfall, and most of the snow is transported to large snow deposits. This 

urban snow is more polluted than rural snow, and contains nutrients, organic material and heavy 

metals. These may affect the receiving water when the snow in the deposit melts during spring and 
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summer. 
In order to study the composition of the melt water, investigations of a large snow deposit in  Luleå  

and of two pilot deposits were carried out during the last two winters (Viklander 1992, 1993). The 

results obtained provided information on concentrations of pollutants in the snow, the melt water, 

and the alluvium that remained on the ground. Information was also obtained regarding the 

variations of the melt water runoff and the concentrations of pollutants in the melt water. However, 

it was considered necessary to study the time variations and some other conditions in more detail. A 

laboratory investigation was therefore carried out with snow from the pilot deposit studied earlier. 

2. AIM OF THE STUDY 

The study was aimed at investigating the melting processes in a laboratory snow deposit and the 

relationships between the melt water runoff and the concentrations of pollutants in the melt water. 

Specifically, the study aimed at investigating: 

- the time variations of the pollutant concentrations during the runoff 

- the effects of repeated melting and freezing of the snow on the concentration of pollutants in the 

melt water 

- the effects of the shape and characteristics of the snow pack on the concentration of pollutants in 

the melt water. 

3. EXPERIMENTAL ARRANGEMENT 

Snow was transported from the city centre of  Luleå  to a freezing room in February 1992 where it 

was stored at -20  C.  Experiments were carried out on this snow in December 1992. Snow samples 

were placed in three polyethylene lysimeters with a volume of 25 1 each, (diameter 278 mm, height 

578 mm). The snow was packed in the lysüneters so that the density was approximately the same as 

the density of the pilot deposits. The densities were as follows: lysimeter A: 660 kg/m3, lysimeter  

B:  670 kg/m3  and lysimeter  C:  610 kg/m3. 

The three experimental configurations were: 

a/ In lysimeter A crushed and homogenized snow (particle size 0-10 mm) was placed, and 

continuously melted at a temperature of +5  °C. 
b/  Similarly prepared snow was placed in lysimeter  B.  This snow was repeatedly melted and 

frozen, in order to reproduce the conditions in a snow deposit_ The temperature during melting 

was +5  °C,  and during freezing -20  C. 
c/  Lysimeter  C  contained snow of the same origin as lysimeter A and  B  but in the form of a solid 
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Lysimeter Lysimeter Lysimeter 
A 	B 	C 

Density (kg/m3) 	 660 	670 	610 

Homogenized snow 	X 	X  

"Ice-block" 	 X  

Continuously melting 	X  

Melting - freezing cycles 	 X 	X  

ice-block. This "ice-block" was melted and frozen in the same manner as the snow in 
lysimeter  B.  

4. MEASUREMENTS AND ANALYSES 

Snow samples were taken before the snow started to melt. Melt water samples were taken from the 

bottom of the lysimeters roughly every 500  ml,  with the exception of samples that were taken for 

pH analyses. These samples were taken from the very first water at each melting occasion in order 

not to miss any acid-shocks, as have been reported in studies of melt-water runoff from natural 

snow. These snow and melt water samples were analysed for pH, conductivity, suspended solids, 

chloride, nitrate, sulphate, phosphorus, nitrogen, chemical oxygen demand and the heavy metals 

cadmium, copper, lead, and zinc. When all the snow was melted, samples were taken of the 

alluvium on the bottom of the lysimeters. 

In this paper the results of the snow and the melt water analyses are presented. 

Laboratory analyses 
Nitrogen concentrations were analysed by "Oxidation with peroxodisulphate;  SIS  028131". 
Phosphorus concentrations were analysed by "Digestion with peroxoclisulphate; SS 02 81 27". 

Chemical oxygen demand concentrations were analysed by "COD  Mn  oxidation with 
permanganate; SS 02 8118". 

Heavy metal concentrations  (Cd,  Cu, Pb and  Zn)  in the samples were analysed after addition of 

ultra pure water (10 nil) and 3 M sodium acetate pH 4.7 (200  ml)  by differential pulse anodic 
stripping voltammetry at a mercury drop electrode. 
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S. RESULTS 

In tables 1, 2 and 3 pollutant concentrations of the snow and the melt water are given for the three 

lysimeters. The tabulated values for snow refer to snow samples taken before the snow started to 

melt. The melt water values are given as averages (arithmetic means and standard deviations) for 

all the samples from each lysimeter, and as flow-weighed averages. The arithmetic means are, for 

most of the substances, higher than the flow-weighed averages, indicating concentration peaks. 

This can also be seen from the standard deviations, which in most cases are higher than the mean 

values. The concentration peaks are discussed further below. 

Table 1. Concentration of SS,  N, P  and COD in initial snow and melt water. 

SS (mg/1)  N  (mg/1)  P  (mg./1) COD (mg/1) 
SNOW 
A 3100 1.6 3.5 27  
B  2300 1.6 3.1 25  
C  2500 1.3 3.0 18 
MELT WATER FLOW WEIGHTED MEANS 
A 410 1.3 0.63 18  
B  740 1.2 1.1 18  
C  320 1.0 0.54 16 
MELT WATER ARITHMETIC MEANS/S.D. 
A 620/2200 1.3/1.9 0.92/2.9 20/15  
B  670/2500 1.3/1.6 0.98/3.5 18/16  
C  360/550 1.0/1.0 0.64/1.2 17/7 

Table 2. Concentration of heavy metals in initial snow and melt water.  

Cd ( 40)  Cu  (118/1)  Pb  (4/1)  Zn  (10)  
SNOW 
A 7.3 310 340 330  
B  2.0 170 240 230  
C  1.3 74 220 190 
MELT WATER FLOW WEIGHTED MEANS 
A 1.8 110 56 63  
B  1.0 47 100 70  
C  0.53 27 66 59 
MELT WATER ARITHMETIC MEANS/S.D. 
A 5.3/8.0 300/450 240/460 210/340  
B  1.6/2.7 84/170 170/420 100/180  
C  0.66/0.41 36/32 90/100 79/68 
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Table 3. Concentration of  Cl,  SO4, NO3  and pH in initial snow and melt water.  

Cl  (mg/1) SO4  (mg/1) NO, (mgji) pH 1) 

SNOW 
A 22 2 0.20 7.8  
B  7 3 0.21 7.8  
C  7 3 0.35 7.7 
MELT WATER FLOW WEIGHTED MEANS 
A 6.5 5.6 0.46 7.4  
B  6.9 2.6 0.20 7.4  
C  7.2 3.3 0.23 7.4 
MELT WATER ARITHMETIC MEANS/S.D. 
A 6.7/13 7.4/15 0.61/1.3 7.377.5  
B  7.2/13 4.617.9 0.37/0.60 7.417.8  
C  7.0/8.3 4.3/6.0 0.28/0.49 7.377.5 

1) Means calculated from  H  concentration 

In spite of the fact that the snow in the three lysimeters was taken from the same place, differences 

in composition were obtained. It was assumed that this did not influence the evaluation, since all 

values henceforth have been made comparable by referring to the total pollutant quantities in the 

initial snow. 

The nitrate and sulphate concentrations were higher in the melt water than in the snow. One expla-

nation for this could be the fact that not all the samples were analysed. Another explanation could 

be that substances were dissolved from the solid particles in the snow and in the alluvium. 

The variations in concentration during the melting period are shown in Figure 1. A concentration 

factor, Ci, is used for each substance studied. 

Ci=ei/ca, where: Ci = concentration factor for fraction  "i"  

ci .= melt water concentration for fraction  "i"  

ca  = arithmetic mean concentration 
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Lysimeter A — Lysirneter B 	Lysimeter C 

Figure 1. The concentration factors versus percentage melt water. 
(Notes: 1/ Analyses of water from lysimeter A (where snow was continuously melted) 

were, for most substances, carried out with half the frequency of the other two 

lysimeters. 

2/ The first analyses of hydrogen ions were made on 15-30  ml  samples.) 

Chloride, sulphate, nitrate, and hydrogen ions showed a concentration peak at the beginning of the 

melt period for all three lysirneters. The concentration peak varied between g.1.8 (for hydrogen 
ions) and Cc-4 (for chloride). After the peak the concentration continuously declined for chloride, 

sulphate and nitrate, while hydrogen ions increased slightly after the initial high values. The initial 

peak for hydrogen ions was detected by sampling and analysing the first 15-30  ml  of the melt water 
runoff. The peak pH for lysimeter A was: 6.7, for lysimeter  B  was: 7.1, and for lysimeter  C  was: 

6.7. An increase of the concentration of hydrogen ions was thus shown. This increase, however, 

was so small and occurred only in the first small volume of the runoff, that it did not affect the 
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mass flows of hydrogen ions, as is shown in Figure 2. An acid shock did not occur during these 

experiments. 
There were also peaks at the beginning of the melt period for nitrogen, but there was an additional 

peak at the end of the melt period. With regard to the heavy metals, no peak occurred at the 

beginning, but there was however, a peak at the end of the melt period. This peak varied between 

C1=2.5 and Cr=8 for the various metals and lysimeters. The heavy metal concentrations also varied 

during the entire melt period. 

The graphs show further that lysimeter  B  values in many cases reached a larger peak at the end of 

the melting compared to values for lysimeters A and  C.  This indicates that the transport of 

pollutants through the snow pack was slowed down by repeated melting and freezing. 

Graphs showing the accumulated quantities of pollutants versus the accumulated water runoff, as a 

percentage of total quantities, are shown in Figure 2.  

Lysimeter A — Lysirneter B 	• Lysimeter C  

Figure 2. Percentage pollutants versus percentage melt water. 

Nitrate, sulphate, chloride, and nitrogen were carried away with the first melt water, in that order, 

while hydrogen ions and COD were earned away over the entire period. Regarding phosphorus and 

heavy metals the graphs indicate that these substances to a great extent left with the very last melt 

water. An explanation for this lies in their attachment to suspended solids. The last samples had 
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very high contents of solids. The differences between the values obtained for the various lysimeters 

are discussed further below. 
In Table 4 the quantities of pollutants that followed with the melt water are compared to the total 

initial quantities in the snow. The quantities are calculated as concentration times water volume for 

each fraction, summarized over the entire runoff. Most parts of the nitrogen, COD, and chloride 

followed with the melt water, while phosphorus and heavy metals to a great extent stayed in the 

lysirneter with the alluvium. 

Table 4. Relative quantities of pollutants that followed the melt water as a percentage of the total 

quantities. 

SS  N P  COD Pb  Zn  Cu  Cd  
A 13 80 18 67 16 19 34 25 
B 32 77 35 71 42 30 28 49 
C 13 80 19 90 30 32 36 40 

6. DISCUSSION 

Time variations 

When the effects of melt water from a snow deposit on the receiving water is to be assessed, or 

detention or treatment measures are considered, it is important to know not only the magnitudes of 

concentrations and mass flows, but also the time variations of the concentrations in the melt water. 

This laboratory study has shown that different pollutants in melt water have different patterns in 

this respect The very first runoff of melt water had the highest concentrations of the anions chlor-

ide, nitrate, and sulphate and of total nitrogen. COD and hydrogen ions showed no variation with  

Urne,  but a rather constant concentration throughout the melting period. At the end of the melting 

period the melt water had a very high concentration of suspended solids and of phosphorus and 

heavy metals. These substances are all more or less strongly attached to the suspended solids. Nitro-

gen also showed a concentration peak at the end of the melting. 

In summary it may therefore be stated that the first melt water from a snow deposit is highly 

polluted by dissolved substances, while the last melt water is polluted by particles and pollutants 

connected to particles. The receiving water will be affected directly by the dissolved substances, 

while it is assumed that most of the substances connected to particles will be filtered in the 

alluvium or in the top layers of the ground and will only to a small degree reach the receiving 

water. The leaching of pollutants from the alluvium will be treated in another study. 

These results agree with results from earlier studies of pilot deposits. The results from the pilot 

deposit study showed that even more pollutants remained in the alluvium than in the laboratory 

study. Only about 1.5% of the phosphorus, 7.6% of the COD, 0.6% of the lead, and 10% of the 
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zinc were carried away with the melt water from the pilot deposit (Viklander 1992). 

Special interest has been paid to the time variations of the pH value. Previous studies carried out in 

Norway (Johannesen 1977) and in Sweden (Westerström 1989), on natural snow have shown what 

is known as an "acid shock". The pH of the first melt water was found to be considerably lower 

than that of the subsequent melt water runoff. 

This phenomenon did not occur during this study, disregarding a small and short increase of the 

concentration of hydrogen ions at the very beginning of the melting period. Explanations for this 

are: 
- The pH of natural snow is much lower than of urban snow: 3.2 - 5.5 for natural snow in  Luleå  

(Westerström 1989) compared to 6.7 - 7.9 for urban snow in this study 

- The melting process of a hard-packed, high-density snow deposit, concentrated in a small area, is 

quite different from that of a natural snow surface, and will undoubtedly affect the 

characteristics of the pollutant concentrations in the melt water 

- The high concentration of solids in the snow deposits may be able to act as a buffer. 

Repeated melting and freezing 

The snow structure of lysimeters A and  B  was the same: crushed and mixed snow from a snow 

deposit Lysimeter A snow was continuously melted while lysimeter  B  snow was repeatedly melted 

and frozen. By comparing the two eases, we obtained information on the effects of repeated 

melting and freezing. From Figure 1 it may be concluded that the concentration peaks for particle-

connected substances at the end of the melting period were higher for lysimeter  B.  Repeated 

melting and freezing seems to have delayed the transport of particles through the snow pack. A 

possible explanation for this is the formation of ice layers or lenses within the snow pack, where 

particles were accumulated and detended. Particles were also filtered during their passage through 

the snow. 

These results agree with results from other studies.  Schöndorf  and Herrmann (1987) studied the 

composition of snow melt in Germany. They state: "Frequent melt-freeze cycles and a deep snow 

pack lead to an enrichment of dissolved substances in the first melt water fractions and of 

substances adsorbed onto particles in the  1mal  fractions." For the melt water runoff from a shallow 

snow pack, the phenomenon "last flush" was not found in the German study. 

For the dissolved substances no significant differences between lysimeters A and  B  could be found. 

That is, repeated melting and freezing did not affect the runoff of dissolved substances. 

Johannesen (1975) found in studies of natural snow in Norway that thawing and freezing cycles 

during the melting would affect the concentrations. Snow that was thawed and then refreezed got 

higher concentrations of hydrogen ions at the beginning of the melt period compared to snow that 

was directly thawing. 
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Shape and characteristics of the snow pack 

The results from the lysimeters  B  and  C  are compared. In lysimeter  B  we had crushed and mixed 

snow, in lysimeter  C  a solid block that was taken directly from the snow deposit in one piece. Both 

lysirneters were repeatedly melted and frozen in a similar manner. In Figure 2 the differences 

between values obtained from the two lysirneters are shown: The runoff of heavy metals, 

phosphorus, and to a certain degree COD and nitrogen, occurred considerably earlier from 

lysimeter  C  than from lysimeter  B.  On the other hand the runoff of chloride and sulphate occurred 

earlier in lysimeter  B  than in lysimeter  C.  
An explanation for these differences is the repeated melting and freezing. The solid block in 

lysimeter  C  melted, although it also was melted and frozen, mainly on the surface, resulting in a 

fairly even runoff of pollutants. The crushed snow in lysimeter  B  accumulated the pollutants, 

resulting in a delayed runoff of pollutants, see above. 

7. CONCLUSIONS 

- The runoff of melt water from urban snow in a laboratory investigation could be characterized by 

two pollutant concentration peaks: one peak at the beginning of the melting, consisting of dissolved 

substances (chloride, nitrate, sulphate) and one peak at the end of the melting consisting of particles 

and substances attached to particles (suspended solids, COD, phosphorus, heavy metals). Nitrogen 

showed concentration peaks both at the beginning and at the end of the melting. 

- The runoff from a solid block of snow was characterized by a fairly uniform transport of particles 

and substances attached to particles throughout the entire runoff, compared to crushed and mixed 

snow with a higher permeability. 

- Repeated melting and freezing of the snow pack influenced the runoff of substances in such a way 

that particles and substances attached to particles were delayed and detended within the snow pack, 

resulting in a more pronounced "last-flush". 

- Increased concentration of hydrogen ions was found in the melt water at the beginning of the 

melting. The increases in concentration were, however, so small and of such short duration that 

they did not affect the mass flow of hydrogen ions. Thus, a so-called acid shock could not be found. 
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