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ABSTRACT

The main objective of this thesis was to characterize and study the behaviour as well 
as the transport of pollutants, i.e., suspended solids, particles and heavy metals, in 
road runoff from a small urban catchment during snowmelt and rainfall. The result 
will constitute a basis for essential considerations concerning the selection and design 
of environmental management practices and techniques in a cold climate. In regions 
with cold climate the urban drainage and highway runoff processes become much 
more complex, compared to temperate regions. The effects that runoff has on 
receiving waters seem to be particularly severe during snowmelt and rain-on-snow in 
cold climates. Therefore, climatic conditions should be taken into account in planning 
and design of best management practices and snow handling strategies. 
In order to improve the understanding of seasonal variations of road runoff quantity 
and quality in a cold climate, measurements were carried out at a field site during 
melt and rain periods from the years 2000 and 2001. The field site was a road with 
7400 vehicles/day, in the central parts of Luleå in northern Sweden. Runoff samples 
were analysed for suspended solids (SS), particle-size distribution, total and dissolved 
heavy metals (Pb, Cu, Cd, Ni and Zn), pH, and conductivity. The results showed 
higher concentrations of SS, particles, and heavy metals for the melt period, as 
compared to the rain period, and the highest concentrations were found during the 
rain-on-snow events. The results indicated a flow dependent increase in the 
concentration of suspended solids during the melt period.  
The mass load for suspended solids, particles, and total heavy metals was higher for 
the melt period than for the rain period. On the contrary, dissolved heavy metal loads 
were higher during the rain period.  
Metal elements during the melt period were more particulate bound as compared to 
the rain period characterised by a higher percentage of the dissolved fraction. During 
the melt period, investigated particle sizes and TSS were highly correlated with total 
concentrations of Cd, Cu, Ni, Pb, and Zn. During the rain period, the correlations 
between total metal concentrations and the different particle sizes were not as 
significant. 
The results showed that the modified degree-day method is inadequate to describe the 
snowmelt dynamics satisfactorily. The build-up and transport of fine and coarse 
suspended solids should be improved during snowmelt conditions. Despite a simple 
model concept, it was possible to describe the dynamics of road runoff and suspended 
solids rather well, based on the continuous course of events for the whole modelling 
period. However, if the model were used for simulating a snowmelt period or single 
events during snowmelt, the model approach would be too simple. 
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SAMMANFATTNING 

Syftet med denna uppsats var att karaktärisera och studera beteende samt transport av 
suspenderat material, partiklar och tungmetaller i dagvatten från ett litet urbant 
avrinningsområde under snösmältning respektive regn. Resultatet kommer att utgöra 
en bas för nödvändiga betänkligheter gällande val och design av reningstekniker och 
hanteringssystem i områden med kallt klimat. I områden med ett kallt klimat är 
avrinningsprocessen mer komplicerad och effekterna av smältvatten på 
vattenrecipienter är allvarligare jämfört med områden med tempererat klimat. På 
grund av detta skall betydelsen av ett kallt klimat tas i beaktning vid val av 
behandlingsanläggningar för dagvatten- och snöhanteringsstrategier.
För att förbättra förståelsen av dagvattnets säsongsvarationer gällande både kvalité 
och kvantité så utfördes flödesmätningar och analyser under smält- och regn perioden 
år 2000 och 2001. Mätningarna gjordes vid Södra Hamnsleden, en väg med ca 7400 
fordon per dygn, i centrala Luleå. Proverna analyserades med avseende på 
suspenderat material, partiklar, totala och lösta tungmetaller (Pb, Cu, Cd, Ni och Zn), 
pH och konduktivitet. 
Resultaten visade på högre koncentrationer av suspenderat material, partiklar och 
tungmetaller för smältperioden jämfört med regnperioden. De allra högsta 
koncentrationerna hittades under regn på snö tillfällen. Under snösmältningen 
hittades en tendens för flödesberoende koncentrationer. 
Även mängderna av suspenderat material, partiklar och totalhalten av tungmetaller 
var högre för smältperioden jämfört med regnperioden. Däremot visade sig mängden 
av lösta metaller vara högre under regnperioden. Metaller visade sig även vara mer 
partikelbundna under smältperioden jämfört med regnperioden. Under regnperioden 
hade suspenderat material och partikelstorlekar, 4 -120 µm, en hög korrelation med 
total koncentrationen av de olika metallerna. Under regnperioden var motsvarande 
korrelationer inte lika signifikanta. 
Resultaten visade att den modifierade graddagarsmetoden i den använda modellen 
inte beskriver snösmältningsförfarandet på ett tillfredställande sätt. Uppbyggnaden 
och transporten av suspenderat material borde förfinas under snösmältnings-
förhållanden. Trots detta så var det möjligt att beskriva dynamiken för flödet och 
suspenderat material ganska väl under hela modelleringsperioden. Däremot om 
modellen används för att modellera enstaka snösmältningstillfällen eller en 
snösmältningsperiod förefaller modellansatsen vara för enkel. 
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BACKGROUND  

Stormwater in cold climates  

The interest in and knowledge of urban stormwater has increased greatly since the 

early 1970´s. However, the focus has been on warm or temperate climates and only 

have small parts been directed towards cold climate perspectives. The importance of 

understanding the special requirements for urban drainage systems in cold climates 

was recently pointed out by experts in the field during the first international 

conference on urban drainage and highway runoff in a cold climate, in Riksgränsen, 

Sweden, March 2003.  

Snowmelt-induced runoff and snowmelt processes 

Stormwater is affected in many ways by a cold climate, with regards to both physical 

and chemical aspects. Precipitation in the form of rain immediately runs off or 

infiltrates, while snow is stored in snowpacks in the urban catchment or transported 

due to different snow-handling operations or to snow drifting. The relocation of snow 

will change the hydrological cycle since the recipient of the snowmelt will be 

different than the recipient of the precipitation falling as rain. The resulting snowmelt 

is dictated by the amount of snow and by climatic variables such as air temperature, 

wind and solar radiation, and anthropogenic effects such as heating sources, 

chemicals, and solids affecting snowmelt in urban catchments (Oberts, et al., 2000). 

These snowmelt-controlling variables vary in urban areas; therefore, the snowmelt 

will change with time and space (Oberts, et al., 2000; Semádeni–Davies, and 

Bengtsson, 1998). During snowmelt, there is usually a larger surface contributing  

runoff because the frozen ground results in decreased infiltration possibilities 

(Bengtsson, 1984; Bengtsson and Westerström, 1992). Research indicates that the 

largest runoff events during the year are rain-on-snow events (Westerström, 1984).  

Cold climate experiences with different stormwater systems 

The reduced infiltration sometimes coincides with rain-on-snow events and produces 

large volumes of snow during short periods. These large volumes will affect the 

sewer networks and the wastewater treatment plant (WWTP). In a combined network, 

the sewage and stormwater are mixed and transported to a wastewater treatment 

plant. The inflow of the meltwater will lead to less effectiveness of the WWTP due to 

low temperatures and increased flow rates (Bengtsson, et al., 1980). Additionally, 

stormwater pollutants will be a part of the sludge; therefore, they will hinder attempts 

for nutrient recycling through spreading sludge on agricultural land (Bäckström and 

Viklander, 2000). However, in Scandinavia, most urban areas built during the 1950-

70´s and thereafter are on separate sewer systems, also, a separation of old combined 

systems was carried out in Sweden for many years (Mikkelsen, et al., 2001). A 

separate stormwater system avoids the problems caused by a direct inflow to the 
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WWTP. Still, there can be problems with low temperatures in the wastewater due to 

stormwater infiltration into the sewer system (Färm, 1992 and Hernebring, 1996).

Nonetheless, a cold climate can be detrimental to the stormwater pipe systems. 

Manholes and pipes are chilled during wintertime, which causes freezing in the 

surrounding soils and uneven frost heave (Sellgren, 1983). A large part of the frost 

heave in urban areas occurs in conjunction with stormwater systems. Due to the 

cooling of the ground, stormwater pipes may also cause freezing in drinking-water 

pipes. Another often-occurring problem is that ice-blockages at stormwater inlets and 

outlets as well as in stormwater pipes cause flooding during snowmelt (see Figure 1) 

(Bengtsson, et al., 1980).    

Figure 1. Ice-blockage of the stormwater inlet at the study site in Luleå. 

Stormwater quality in cold climates 

Sources for pollutants in snow and road runoff 

All urban water discharges are potentially hazardous to the environment; however, 

discharges in cold-climate regions seem particularly severe (Marsalek, et al., 2003). 

This severity arises from the long winter period where the precipitation falls as snow 

and stays on the ground for several months, thus an accumulation of pollutants occurs 

(see Figure 2). 
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Figure 2. The study site in Luleå after snowfall and in the end of the melt period. 

A large source of pollution in urban snow is the traffic. A cold-vehicle engine 

produces two to eight times more particles compared to a warm engine (Kobriger and 

Geinopolos, 1984). Vehicles contribute pollution through motor exhaust and the 

wearing of tyres, brakes, and engines (Hvitved-Jacobssen and Yousef, 1991). There is 

also a large wear of the pavement due to the use of studded tyres (Baekken, 1994). 

The quality of urban snow is also poor due to de-icing chemicals and anti-skid 

material used on the roads. As well, corrosion of building material, such as copper in 

roofs and galvanized steel used in street lights, crash barriers, and vehicles  

contributes highly to the level of pollution, especially where salt and sand is 

employed (Malmqvist, 1983). According to Malmqvist (1994), 25 % of all zinc in 

stormwater comes from corrosion in areas where zinc is used as a building material. 

For copper, the corresponding value can be up to 65-75 %. Air- borne residues in 

urban snow come from long-distance and near-distance sources and can differ greatly 

depending on local activities such as industrial plant operations and garbage 

incineration.  

Transport of stormwater pollutants 

The transport of urban pollutants is also affected by different climatic conditions; 

therefore, a good understanding of hydrology is needed to address the transport of 

associated pollutants correctly (Oberts, et al., 2000). Rainfall-induced runoff often 

results in a quick response, with rapidly ascending flows and high peaks and 

volumes. These rainfall events have a high intensity, which can transport both soluble 

and pollutants associated with solids. Snowmelt, however, is generally a slower 

process, which can transport pollutant-associated solids of varying size, depending on 

the energy of the event. This transport can be dictated by the amount of available 

pollutants or by the transport capacity of the flows (Oberts, et al., 2000). 

Pollutant accumulation in, and release from a snow pack are dynamic processes 

including pollutant influx through deposition and precipitation and pollutant release 
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through intermittent melt-events, rain-on-snow events or the final snowmelt. During 

every snowmelt, pollutants in the snowpack are released. In the beginning of the 

snowmelt, soluble pollutants are eluted from the snowpack, often at high 

concentrations. This phenomenon is frequently referred to as a “first flush”. As the 

event continues the dissolved pollutants are washed out, leaving particulates and 

associated pollutants behind. Medium and coarse particles usually stay behind until 

the snowpack is entirely depleted (Viklander, 1997), or until the occurrence of a high 

intensity rain-on-snow event with enough energy for transport of these particulates 

(Westerlund, et al., 2003). The described sequence of pollutant transport is 

graphically represented in Figure 3. 

Figure 3. Snowpack release of soluble pollutants, water and solids from initiation of 

melt (T0) to end of melt (T) (Oberts, et al., 2000). 
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STUDY OF ROAD RUNOFF IN LULEÅ, SWEDEN 

Objectives 

The main objective of this thesis was to characterize and study the behaviour and 
transport of pollutants, i.e., suspended solids, particles and heavy metals, in road 
runoff from a small urban catchment during snowmelt and rainfall. The result will 
constitute a basis for essential considerations concerning the selection and design of 
environmental management practices and techniques in a cold climate. 

Field Site 

The site for the field measurements is a roadside at Södra Hamnleden in the central 
part of the Luleå urban area (see Figure 4 and 5). The samples were collected from 
two lanes, which are drained by a curb to a gully pot. The gully pot, which receives 
runoff from a road surface approximately 6m x 110 m, is connected to a separate 
stormwater pipe that conducts runoff to a nearby recipient. The slope of the road 
surface towards the curb is 2.6% and the traffic intensity of the road is about 7400 
vehicles/day. Coarse material, 4-8 mm, is used as an anti-skid material, but no de-
icing salts are used in the central parts of Luleå.  

    

Plan view:    Section view:
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Figure 4 and 5. The road side at Södra Hamnleden in Luleå and a plan view of 
approximate catchment area (broken lines) and a section view of the sampling station.

Luleå is situated in the north of Sweden, at latitude 65º 35 min N and longitude 22º 
10 min E. The area has a yearly precipitation of approximately 500 mm, with 40 to 
50 % of that falling as snow (Hernebring, 1996). Commonly, a snow cover is on the 
ground for 5 to 6 months of the year, from November/December through April/May. 
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The monthly average temperature and precipitation for Luleå from 1960-1991 can be 

seen in Table 1. 

Table 1. Monthly average temperature and precipitation in Luleå (SMHI, 2001). 

 J F M A M J J A S O N D 

Temp 

(Cº) 

-12.2 -10.7 -6.0 0.1 6.4 13.0 15.5 13.6 8.3 3.0 -4.0 -9.0 

Precip 

(mm) 

32 24 29 30 33 35 55 62 56 51 48 35 

Sampling 

The sampling for papers I, II, and III was conducted from March 25 to June 26, 2000, 

where continuous flow measurements were made for snowmelt, rain-on-snow, and 

rainfall events. Also, measurements used to verify the model in paper III were 

performed between March and June 2001. Analyses of suspended solids (SS), particle 

size distribution (PSD), total and dissolved heavy metals (Cd, Cu, Ni, Pb, and Zn), 

pH, and conductivity were performed during a selection of these events. From March 

25 through April 25, 2000, there was an existing snow layer of varying depth, while 

the latter part of the sampling period was bare ground. Thus, these two periods will 

be referred to as the melt period and the rain period, respectively. The gully pot at the 

road surface was equipped with a flow weir, logged every two minutes during runoff, 

and an automatic water sampler (EPIC 1011), designed to take flow-weighted 

samples. For every 100 or 200 litres of runoff to the gully pot, a sample was taken for 

laboratory analyses. Temperature (measured every 3 hours) and precipitation 

(measured every 12 hours) data were received from the nearest meteorological 

station, Kallax Airport, located about seven kilometres from the catchment area. 

Also, the temperature was logged every 48 minutes within the catchment area with a 

Tinytalk data logger.

Laboratory analysis 

The concentrations of suspended solids (SS) were measured according to the standard 

method SS 02 81 12. The concentrations of total and dissolved heavy metals were 

measured by ICP-MS and ICP-AES techniques at SGAB Analytica, Luleå, Sweden. 

The fraction of dissolved heavy metals was attained by analysing the content of 

filtered samples (0.45 m filter).  

The particle size distribution was analysed with a Coulter Multisizer II particle 

counter for particles within the range of 4 to 120 m. This equipment sizes and 

counts particles by measuring changes in electrical impedance produced by non-

conductive particles suspended in an electrolyte. 
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Data analyses 

Event Mean Concentration (EMC) is calculated by dividing the total mass of a 

substance by the total runoff volume for each event (Huber, 1993). The EMC reflects 

the flow-weighted average concentration, which can be of use when comparing 

different rain events. EMC can mathematically be expressed as: 

[ ]
)(

)()(

tQ

tQtC
EMC =

where C(t) is the concentration at a certain time and Q(t) is the flow measured during 

the runoff event. 

The mass load (ML) of suspended solids and heavy metals during an event was 

calculated by numerically integrating constituent fluxes during short time intervals.  

The method used is exemplified in Fig. 6. V1 was the accumulated volume at time, 

t1, V2 and V3 was the mean of the accumulated volume at t1 and t2, and so on. The 

mass loads for the three estimated volumes were then calculated by multiplying the 

analysed concentrations at t1, t2, and t3 by the associated volumes. 

211 VVV += 111 VcML =

432 VVV += 222 VcML =

653 VVV += 333 VcML =

321 MLMLMLML ++=    

Figure 6. Method of estimating the volume used in mass load calculations. 

Statistical analyses were performed using the program Statgraphics to compare data 

between the melt period and the rain period. First, box and whisker plots were used to 

achieve a good data overview and to discover tendencies. Subsequently, t-tests were 

performed, at a 95% confidence level, to test whether a statistically significant 

difference occurred between the two periods or not. 
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Measured results 

Hydrology 

Tendencies of lower mean and maximum event flows were found during the melt 

period as compared to the rain period except for the rain-on-snow events, as shown in 

Table 2. The reason for the higher runoff during a rain-on-snow event, compared to a 

summer rain event, was the saturated or frozen soil and the fast melting snow 

increasing the runoff volume (Oberts, 1994). 

Table 2. Event duration (h), runoff volume (l), mean flow during the event (l/h), 

maximum flow during the event (l/h) and the type of event for melt and rain periods 

during year 2000. M=melt, R=Rain and S=Snow.
MELT PERIOD RAIN PERIOD 

Date Event 

duration 

(h) 

Runoff 

vol.  

(l)

Mean. 

flow 

(l/h) 

Max. 

Flow 

(l/h) 

Type of 

event 

Date Event 

duration 

(h) 

Runoff 

vol.  

(l)

Mean. 

flow 

(l/h) 

Max. 

flow 

(l/h) 

Type of 

event 

March, 25 5 190 40 110 M May, 19 16 210 10 10 R 

March, 26
1,3 

6.5 330 50 110 M May, 25
1,2,3 

16 8200 510 1800 R 

March, 28
1

8 500 60 200 M May, 26
1,2,3 

15 4300 280 3400 R 

March, 29 8 570 70 220 M May, 27 7 40 6 30 R 

March, 30 8.5 70 9 30 M May, 28
1,2 

8.5 780 90 1400 R 

April, 1 2 10 5 8 M June, 3-5
1

51.5 12000 240 3 R 

April, 2 1.5 10 8 20 M June, 10-11 11 680 60 1 R 

April, 4 5 10 2 5 M June, 13
1,2,3 

7 5700 820 4900 R 

April, 6
1,2,3 

11.5 850 70 750 M June, 18-19 7.5 60 9 30 R 

April, 7 11 830 70 310 M June, 19-20 7.5 200 30 250 R 

April, 8
1,2 

10.5 1200 120 330 M June, 20
1,2 

5.5 1000 190 1500 R 

April, 9
1,2 

12 2100 180 510 M June, 22
1,2 

4 1500 390 2700 R 

April, 9-10 6 160 30 100 M June, 23
1,2 

8 4400 560 3300 R 

April, 10
1,2 

11 2900 270 960 R on S June, 25 8.5 20 2 5 R 

April, 10-11 24 470 20 360 M June, 26 21 1700 80 8800 R 

April, 12 11 150 10 130 R on S      

April, 12-13 10.5 120 10 30 R on S      

April, 13 5.5 40 7 30 M      

April, 14-15 26 590 20 270 R on S      

April, 16 8.5 300 40 150 R on S       

April, 17
1,2,3 

8 3900 490 8700 R on S       

April, 18 12 360 30 140 R on S       

April, 23
1,2 

7 380 50 270 R on S       

April, 25
1,2,3 

10 4600 460 1900 R on S       
1
,  3 analyses made for SS 

2
,  3 analyses made for PSD 

3
,  3 analyses made for metals 

Concentrations of suspended solids, particles and heavy metals 

In papers I and II, the melt period was found to contain two types of events: 

snowmelt events and rain-on-snow events. In paper I, the event mean concentrations 

of suspended solids were shown to be significantly higher for both these types of 

events when compared to the rain period. Also, in paper II, the concentrations of 

particles in all six size intervals were found to be significantly higher during the melt 

period compared to the rain period, particularly during rain-on-snow events. Particles 

in size range 4 -120 m had, on average, 8 times higher the number of particles per 

litre of runoff throughout the melt period compared to the rain period.  The results in 

paper II showed initial high concentrations of particles during the melt period, apart 
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from the two largest fractions (25-40 and 40-120 m). Subsequently, the 

concentrations decrease, apart from the high flow rain-on-snow events that result in 

high concentrations. As well, the concentrations of particles decreased as particle 

sizes increased during both periods (paper II). During the rain period, in paper II, the 

highest event mean concentrations (EMC) for the largest particles (15-120 m) were 

also found for events with a high flow. Events in the latter part of the rain period 

were shown to have lower EMCs for particles, despite a higher flow.  

Paper I indicated a tendency toward a flow-dependent increase in the concentration of 

suspended solids during the melt period (see Figure 7 A).  

Figure 7A and B. Conc. of SS vs. flow for different events during the melt- and rain 

period (paper I) 

However, when each event was analysed separately, this tendency was not as clear. 

During the rain period, the concentrations of SS were not flow dependent (see Figure 

7 B), but seemed to depend more on the inter-event time. Rain events following a 

period of dry weather tended to produce higher concentrations, while rain events 

following shortly after other events tended to produce lower concentrations (paper I). 

Paper I showed significantly higher EMCs for Cd, Cu, and Pb during the melt period 

compared to the rain period. No statistical difference was found for Ni and Zn. 

However, due to the relatively few analyses made for metals, definite conclusions 

were difficult to draw. Also, the highest concentrations for all metals, as for 

suspended solids and particles in paper I and II, occurred during the rain-on-snow 

events. There was no statistical proof or any tendencies that the EMCs of the 

dissolved fraction for any metals would be higher during a melt period than during a 

rain period or vice versa.  

Mass loads of suspended solids, particles and heavy metals 

In paper I, there was no significant difference for the mass loads of suspended solids 

between the melt period and rain period. Nonetheless, when the sums of SS mass 
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loads for the two periods are compared, they were about 3 times higher for the melt 

period. It was observed that the mass load was increasing in time for the events 

within the melt period and that the greatest loads came during the rain-on-snow 

events. Particles in size range 4 -120 m in paper II had, on average, 5 times the 

higher number of particles throughout the melt period compared to the rain period. 

Also, an assumption was made where the sum of particles in every size interval for 

both periods was increased by a certain percentage to compensate for the missing 

analysis. The result still showed higher loads for particles in all size ranges during the 

melt period.  

No significant difference in mass loads for the heavy metals between the periods was 

shown in Paper I. Then, again, the mass load sums during the melt period for all 

metals were higher than for the rain period. On the other hand, dissolved metal loads 

were higher during the rain period. In paper I it was obvious that the melt period had 

more particulate-bound metals as compared to the rain period with a higher 

percentage of the dissolved fraction (see Figure 8). 
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Figur 8. Dissolved fraction / total (%) of Cu, Cd, Ni, Pb and Zn (paper I). 

Particles and associated heavy metals 

In paper II, the association between heavy metals (Cd, Cu, Ni, Pb, and Zn) and 

different particle sizes and TSS (Total Suspended Solids) was studied by linear 

regression analysis for the two periods. The melt period had the highest correlations 

for TSS, implying that the highest concentrations of total heavy metals were 

associated with suspended solids  1.6 m. For the different particle sizes, the 

correlation was highest for the size 6-9 m, apart from Cd where the correlation for 

size 4-6 m was higher. The correlation then decreased as the particle size increased. 

During the rain period, the correlations between total concentrations of metals and 

suspended solid particle size were not as significant. However, decreasing 
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correlations as the particle size increased were similar to the melt period. Correlations 

for dissolved heavy metals showed indistinct results for both periods. 

Particle transportation 

In paper II, a concentration factor, Ci, was used to investigate when, during the event, 

the transportation of the different particle sizes occurred. 

Ci=ci/ca where;  Ci= concentration factor for particle size “i” 

  ci= melt or rain runoff concentration of particle size “i” 

  ca= arithmetic mean concentration 

Two events from the melt period and the rain period respectively are presented in 

Figure 9. The result showed a tendency toward initially high concentrations of particle 

size 4-6 and 6-9 m and a subsequent decrease towards the end of events (see Figure 

9).  
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Figure 9. Ci versus percentage of runoff during one melt- and rain event (15-120 m)

For some events, the initial high Ci values are valid for particle size 9-15 m as well. 

Instead, the concentration factor for particle sizes 15-120 m varied more during the 

events (see Figure 9). 
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was not accurate enough. The calibration showed a coherent result between measured 

and modelled volumes of runoff and the transport of suspended solids when the 

continuous course of events throughout the whole modelling period was studied. 

During single-melt events, the volume and timing of runoff and load of transported 

SS were not as accurate. The verification was made with runoff measurements and 

SS analyses from 2001. During the verification as well, the modelled runoff had to be 

modified due to the lack of site-specific precipitation data. However, this 

modification was necessary for both years to continue with the calibration and 

verification of the suspended solid transport. The results of the verification showed a 

fairly good congruence between modelled and measured transport of SS, based on the 

continuous course of events for the whole modelling period. However, at snowmelt, 

the congruence between modelled and measured runoff and transport of SS is not 

accurate for single events or for that period. Consequently, if the model were used for 

simulating a snowmelt period or single events during snowmelt, the model approach 

would be too simple. 

Discussion 

The higher concentrations of suspended solids and particles during melt events and 

rain-on-snow events for the melt period compared to rainfall events in paper I and II 

had different explanations. The higher concentrations during the melt period are most 

likely due to the lower flow, i.e., the dilution of SS and particles is low, and elution of 

suspended solids and small particles from surrounding snowpacks. The 

concentrations tended to be highest in the very beginning of the melt period. The 

highest concentrations of SS and particles during rain-on-snow events were 

elucidated by the rainfall flushing the pollutants through the snowpack. Additionally, 

the higher flow due to the rain transported coarser materials, e.g., the material used 

for skid control and other pollutants, which had accumulated on the road surface.  

During the rain period, as for the melt period, a high flow was needed to transport   

large particles. However, for particles in paper II, events at the end of the rain period 

had lower concentrations of large particles compared to events at the beginning of the 

period, despite a larger or equal high flow. This difference could partly be explained 

by the residuals of material left from the street sweeping, which decreased with time 

as rain events successively transported the material to the gully pot. Also important 

was the time between events where build-up of pollutants occurred. However, the 

build-up was most likely to be particles smaller than 25 m since the larger particles 

were expected to derive from anti-skid material.  

The importance of available material, flow, and inter-event time was discussed in 

paper I, where tendencies of a flow-dependent increase of suspended solids were 

discovered for the melt period but not for the rain period. The reason why this 

tendency was not discovered for the rain period could be that no material was 
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available on the street surface due to previous, adjacent rain events, whereas during 

the melt period, material is always available to be transported.   

The higher concentrations of heavy metals for melt events, especially during rain-on-

snow events during the melt period, indicated that most metals were likely to be 

particle-bound.  

The higher loads of suspended solids, particles, and total heavy metals, in papers I 

and II, during the melt period compared to the rain period were explained by the 

larger amount of material available during the melt period (see Figure 11).  

Figure 11. Difference in accumulated material at the study site during snowmelt and 

rainfall. 

Additionally, the greater loads towards the end of the melt period were clarified by 

the high flow rain-on-snow events that were capable of transporting large particles 

left on the street surface and in snowpacks. The explanation for higher dissolved 

metal loads during the rain period was clear after examining the percentage of 

dissolved/total heavy metals for both periods. It was obvious that during the melt 

period, more metals were particulate-bound than during the rain period with a higher 

percentage of the dissolved fraction. 

In paper II, the high correlations of total heavy metals with TSS and particle sizes of 

4 -120 m demonstrate the risk of high concentrations and loads reaching receiving 

water bodies, because street sweeping only allows the removal of particles  250 m. 

The correlation of total heavy metals with TSS and particle sizes of 4 -120 m during 

the rain period was not as high, most likely because most of the metals are particle-

bound during the melt period, while the rain period is dominated by a higher fraction 

of dissolved metals since fewer particles are available. 

The particle transport in paper II was investigated by studying concentration factors 

and cumulative curves. Two different shapes of the cumulative curves were 

discerned. The difference in shapes seemed to depend on the flow during the events 

within each period. Events with high flow tended to have different particle sizes 
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transported at different times while events with lower flow transported the particles at 

the same time. Events where the particle transportation occurred at different times 

during the two periods tended to have a first flush for the smaller particles during the 

rain period. 

In paper III, the calibration showed a good congruence between modelled and 

measured runoff and the transport of SS, based on the continuous course of events for 

the whole modelling period. However, when snowmelt was examined, the runoff was 

not accurately described. For the calibration as well as the verification, modelling the 

snowmelt accurately was difficult. For events where measured and modelled runoff 

volumes agree well, there is also generally a good agreement between measured and 

modelled SS. Since the runoff was more accurate during rainfall, the model concept 

for the transport of SS worked better when the precipitation was falling as rain. The 

explanation for discrepancies of modelled SS loads could be that the intensity of the 

runoff is not accurately modelled or that the description of the transport of SS is too 

simple. Discrepancies might be improved by upgrading the model with a more 

detailed surface-runoff description. A more physically based representation might be 

essential in describing suspended solids transport. Another way of improving the 

model could be to look into the washout of pollutants from a snowpack and also at 

the build up of pollutants in the snowpack because it differs from the build up on bare 

ground. A possibility would be to connect the traffic intensity to the build up of 

pollutants. The verification showed a fairly good congruence between modelled and 

measured transport of SS, based on the continuous course of events for the whole 

modelling period. However, at snowmelt, the congruence between modelled and 

measured runoff and transport of SS is not accurate for single events or for that 

period. 

Conclusions 

The different conditions during the melt period and the rain period were found to 

have a great influence on the quality, i.e. concentrations and mass loads of suspended 

solids, particles, and heavy metals, of road runoff.  

There were tendencies of lower flows, mean and maximum, for the melt period 

events compared to those during the rain period events, except for the rain-on-snow 

events. The intensity of the flow, together with the amount of available material, both 

in the snow pack and at the road surface, influenced the concentrations and mass 

loads of suspended solids, particles, and heavy metals during the melt period. During 

the rain period, the most important factors in terms of influencing the concentrations 

seemed to be the length of dry weather in between rain events, the intensity of the 

overland flow, and the initial residual material from the street sweeping. 

The concentrations of suspended solids and particles were significantly higher during 

the melt period compared to the rain period; the highest concentrations occurred 
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during rain-on-snow events. It was found that the particle concentrations decreased as 

the particle size increased for both the melt period and the rain period.

A tendency of flow-dependent increase was shown for the concentrations of 

suspended solids during the melt period while this tendency could not be detected for 

the rain period.  

The results indicated higher concentrations of all heavy metals during the melt period 

compared to the rain period, although statistical tests could not support this result for 

all the metals studied. The results for the dissolved fraction of the metals were much 

more complicated, i.e., no clear conclusions could be drawn.  

The mass load for suspended solids, particles, and heavy metals was higher for the 

melt period than for the rain period. On the contrary, dissolved heavy metal loads 

were higher during the rain period. Also, more heavy metals were particulate-bound 

during the melt period as compared to the rain period with a higher percentage of the 

dissolved fraction. 

During the melt period, all investigated particle sizes were highly correlated with the 

total concentrations of Cd, Cu, Ni, Pb, and Zn, and the highest correlation was found 

for particle size 6-9 m. However, the correlation for the total heavy metals was 

found to be even higher for TSS. 

It was shown that the modified degree-day method is inadequate to describe the 

snowmelt dynamics well. The build-up and transport of fine and coarse suspended 

solids should be improved during snowmelt conditions. Despite a simple model 

concept, it was possible to describe the dynamics of road runoff and suspended solids 

rather well, based on the continuous course of events for the whole modelling period. 

However, if the model were used for simulating a snowmelt period or single events 

during snowmelt, the model approach would be too simple.
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DISCUSSION 

At snowmelt, the dissolved and particulate pollutants will accompany the snowmelt 

runoff or become more concentrated in surrounding snowbanks and on street 

surfaces. The influence of snowmelt dynamics on the snowmelt quality, i.e., the 

mechanisms involved in the accumulation and transport of pollutants from the 

snowpack, is thoroughly discussed in Oberts (1994) and Oberts, et al. (2000).  

In papers I and II, investigated concentrations for suspended solids, particles, and 

heavy metals showed higher concentrations during snowmelt runoff than during 

rainfall runoff. Another study, for two sites, that compared seasonal variations was 

made in mid-Sweden (Bäckström, et.al., 2003). An increase in total and dissolved 

concentrations was found for several of the studied elements (e.g., Cu, Cd, Pb, and 

Zn) in the runoff during winter compared to summer. The fraction of particulate 

concentrations for lead and zinc was found to increase during winter while other 

elements remained constant. Also, the major part of the mass transport of these heavy 

metals occurred during the winter runoff. Higher loads towards the end of the melt 

period were also discovered for suspended solids and for total heavy metals in paper 

I. Extreme pollutant loads was experienced during the end-of-season melt events 

when rain falls on snow and flushes soluble and particulate pollutants from the 

snowbanks as well as from impermeable and frozen or saturated permeable surfaces 

(Schöndorf and Herrman, 1987). Sansalone et al. (1995) investigated the event mean 

concentrations for SS, Cu, Cd, Pb, and Zn at six sites during snowmelt and rainfall 

runoff. All investigated elements showed higher results for the snowmelt runoff 

compared to the rainfall runoff for all but one site, which had higher concentrations 

for Cu and Pb during rainfall runoff. Sansalone and Buchberger (1996) again reported 

higher concentrations for suspended solids and total heavy metals during melt events 

than during rainfall events, which was explained by the lower flow and the 

contribution of SS and associated metals extracted from the melting snowbank.  

Explanations of the higher concentrations and loads of suspended solids, particles, 

and associated pollutants during melt events, especially during rain-on-snow events 

compared to rain events, were discussed by Oberts (1994). It was explained that the 

initial stages of melt are generally slow and that the first melt exerts high pollution 

concentrations of soluble pollutants but not a high pollution load. More runoff is 

produced in the latter stages of snowmelt, which can generate high concentrations 

and loads since pollutants are being flushed from the snowpack. However, in paper 

II, higher concentrations were found for particles smaller than 25 m in the initial 

snowmelt compared to subsequent melt events. Sansalone and Buchberger (1997) 

hypothesised that particles  100 m could be transported from the snowpack at 

snowmelt.  
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The tendency for a flow-dependent increase in suspended solid concentration during 

the melt period found in paper I was also found in the study carried out in Cinncinati, 

Ohio by Sansalone and Buchberger (1996). Results from runoff events in April  

showed that particulate-bound metal-element wash-off response was a function of 

rainfall intensity. Previous investigations have shown that a strong correlation exists 

between metals and EMCs for suspended solids from snowmelt runoff (Sansalone et 

al., 1995).  

For the melt period in paper II, the regression for total metals against particle sizes 

and total suspended solids (TSS) had the highest correlation for TSS and the particle 

size, 6-9 m. Then, the correlation decreased as the particle size increased. This 

correlation has been found in many studies, for example by Sansalone et al. (1995), 

German and Svensson (2002), and Deletic and Orr (2003). On the contrary, 

dissolved-metal response was found to be dependent on the solubility of the metal 

(Sansalone and Buchberger, 1996). Metal elements in snowmelt-induced runoff had 

more particulate-bound metals, whereas rainfall-induced runoff had predominantly 

dissolved metal elements. (Sansalone and Buchberger, 1996). 

A comparison was made of the concentrations of heavy metals and suspended solids 

found in the Luleå study and suggested concentrations for runoff from roads with 0-

15,000 vehicles per day from the Swedish Road Administration (SRA) (see Table 1).  

Table. 1 Suggested concentrations for road runoff (SRA, 2001). 
Vehicles/ 

day 

Pb 

Average 

(min-

max) 

g/l 

Zn 

Average 

(min-

max) 

g/l 

Cu 

Average 

(min-

max) 

g/l 

Cd 

Average 

(min-

max) 

g/l 

Tot-N 

Average 

(min-

max) 

mg/l 

Tot-P 

Average 

(min-

max) 

mg/l 

COD 

Average 

(min-

max) 

mg/l 

SS

Average 

(min-

max) 

mg/l 

0-15 000 20 

(10-50)

100

(50-275)

35

(20-70)

0.5 

(0.3-0.9) 

1.2 

(0.6-1.8) 

0.15 

(0.1-0.25) 

40

(20-80)

75

(40-150)

15-30 000 25 

(15-60)

150

(75-350)

45

(25-90)

0.5 

(0.3-0.9) 

1.5 

(0.8-2.1) 

0.20 

(0.1-0.35) 

60

(30-120)

100

(50-200)

30-60 000 30 

(20-70)

250

(100-600)

60

(30-120)

0.5 

(0.3-0.9) 

2.0 

(1.0-2.5) 

0.25 

(0.15-0.5) 

95

(50-190)

125

(60-250)

The Luleå study concentrations for heavy metals during the melt period were well in 

accordance with the suggested min–max range, while the concentrations for the rain 

period were slightly lower than suggested values. The concentrations for suspended 

solids during the melt period were much higher than the suggested concentrations, 

while the SS concentrations for the rain period were within the suggested range. The 

suggested concentrations by the SRA could be improved by incorporating values for 

both rainfall - and snowmelt-induced runoff. 
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An important factor for concentrations and loads during snowmelt is when during the 

melt period the event is occurring, i.e, how much material is there available. Both on 

the road, and from snowpack elution. The number of particles in the snow pack will 

decrease throughout the melt period as wash-out is continuously taking place. 

However, using anti-skid material whenever roads become slippery is a common 

practice in this cold-climate region. This can occur at several occasions throughout 

the melt period; therefore, the availability of material might increase during parts of 

the period. Also important is the intensity of the lateral flow that is transporting the 

particles to the gully pot. This is predominantly important for the larger particles that 

need a high intensity lateral flow to be transported. 

Presently, the snowmelt quantity modelling is better developed than the snowmelt 

quality modelling.  Few attempts to model snowmelt in urban areas have been made; 

therefore, existing models include snowmelt routines adapted for rural areas (Valeo 

and Ho, 2004). According to WMO, 1986, the simple degree-day method proved to 

be adequate for alpine and rural areas, but using the routines for an urban 

environment was considered uncertain. However, a few different models for urban 

snowmelt quantity, i.e., stormwater and snowmelt runoff, and quality, such as 

SWMM and Mouse, have been reported up to now. Different models containing 

temperature indexes for snowmelt were investigated by Semadeni-Davies (2000). 

This investigation illustrates that the modified degree-day method was insufficient in 

describing the snowmelt, i.e., it does not take into account the radiation balance of 

urbanised catchments (Semadeni-Davies, 2001). Due to the problems of describing 

the snowmelt process correctly, the modelled concentrations and loads will also be 

affected. In addition, the routines for pollutant build-up and transport are too simple, 

which was also discussed by Sutherland and Jelen (1996). To decrease impacts from 

road runoff in cold regions, one must understand the dynamics of pollutants and then 

use this knowledge in models to predict and prevent environmental damage.  

The differences in content and composition of road runoff between melt periods and 

rain periods will affect the effectiveness of various best-management practices. This 

knowledge is essential for decision making when dealing with road-runoff treatment, 

snow handling, and street sweeping. Many best-management practices developed for 

controlling flow and pollutants have reduced efficiencies or do not work at all in 

winter, during snowy and icy conditions. Still, there is a good understanding of the 

processes behind the pollutant accumulation in and transport from snow. However, 

further research is needed on assessing snowmelt impact on receiving water bodies, 

modifying existing best-management practices, and modelling of urban snowmelt 

quantity and quality (Oberts, et al., 2000). 
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Abstract In regions with cold climate the urban drainage and highway runoff processes become much more
complex, compared to temperate regions. Therefore, climatic conditions should be taken into account in
planning and design of BMPs and snow handling strategies. In order to increase the knowledge of road
runoff quality during melt and rain periods, respectively, measurements were carried out at a field site during
a two-month period. The field site was situated at Södra Hamnleden, a road with 7,400 vehicles/day, in the
central part of Luleå. Runoff samples were analysed for suspended solids and heavy metals (Pb, Cu, Cd, Ni
and Zn). The results showed that the concentrations of suspended solids, lead, copper and cadmium were
higher for the melt period, compared to rain generated runoff on the catchment without snow, and the
highest concentrations were found during the rain-on-snow events. The results indicate a flow dependent
increase in the concentration of suspended solids during the melt period. A comparison of the total mass of
suspended solids over a one-month period showed that the melt period produced about 3 times more
suspended solids. Metal elements during melt period were more particulate bound as compared to the rain
period characterised by a higher percentage of the dissolved fraction. 
Keywords Heavy metals; quality; road runoff; snowmelt; suspended solids

Introduction
During the last decade, treatment of stormwater and road runoff has been receiving increas-
ing attention. As a result of this, different types of treatment methods of stormwater have
been built in cities and along highways. These methods, often called Best Management
Practices (BMPs), change the path and final destination of water, as well as pollutants, in
urban areas. However, the available knowledge of the suitability and performance of these
BMPs in pollution control is inconsistent and the effect of various BMPs on receiving water
quality is poorly understood, or not known (Mikkelsen et al., 2001).

The functionality of a BMP will depend greatly on climatic conditions (Marsalek,
1991). The complexity of the urban hydrological cycle in a cold climate, with respect to
precipitation, hydrologic abstractions, and pollutant generation, accumulation and release
from snowpacks, results in many differences between cold and temperate climates. For
example, when rain falls on the ground without snow cover it instantaneously runs off or
infiltrates, whereas snow may accumulate on the ground and then be relocated due to snow
drifting and snow handling operations (Oberts, 1994). Total concentrations of metals and
solids are higher in snowmelt runoff compared to rainfall runoff. One reason is that
snowmelt runoff volume is smaller than that of a rainfall/runoff event. Another reason is
that the residence time of a snow bank can be up to months, during which time they act as
repositories trapping metals and solids (Sansalone and Buchberger, 1996). The snow is
continuously polluted through dry and wet deposition and gas adsorption. Additionally,
larger quantities of some substances are present during the cold period due to the heating of
buildings, burning of fuels, cold starts of engines, exhaust fumes, tyre-wear, and road wear
due to studded tyres. Also, snow handling and skid control with sand and salt addition con-
tribute to pollution and increased corrosion (Malmqvist, 1983). Another difference is an
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often larger contributing surface runoff area during snowmelt, compared to rain runoff, due
to the reduced infiltration capacity of the frozen ground (Bengtsson and Westerström,
1992). Research has shown that some of the largest annual runoff volumes can occur during
a rain-on-snow event (Westerström, 1984 and Bengtsson and Westerström, 1992). Due to
the mentioned differences depending on climatic conditions, it is of importance to give cold
climate conditions special consideration.

Objectives
The aim of this paper is to increase the knowledge about the quality of road runoff during a
melt period and a rain period. For that purpose the concentrations and the mass loads for
suspended solids and selected metals (total and dissolved) were studied.

Study area and methods
Field site

The site for the field measurements is a roadside at Södra Hamnleden in the central part of
the Luleå urban area. The samples were collected from two lanes, which are drained by a
curb and gutter system. The traffic density of the 6-metre-wide road is approximately 7,400
vehicles/day. The slope of the road surface towards the curb is 2.6%. The gutter inlet is con-
nected to a separate storm sewer that conveys runoff to a nearby receiving water body. The
gutter receives runoff from a 110 m long section of road (Bäckström, 2002).

Sampling

During the periods March 25 to April 25 and May 25 to June 26, 2000, flow measurements
were performed for all snowmelt, rain-on-snow and rainfall events (Table 1).

According to the Swedish Meteorological and Hydrological Institute there was an exist-
ing snow layer of varying depth during the first period, while the second period was repre-
sented by bare ground. Hence, the two periods will be referred to as the melt period and the
rain period, respectively, due to the climatic conditions during each period. In total there
were 16 events during the melt period and 12 during the rain period, although only the
events with three or more analyses performed for SS and total/dissolved heavy metals were
chosen for further studies (see Table 1). The gutter at the road surface was equipped with a
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Table 1 Number of analyses for SS and heavy metals during events

Melt period Rain period

Number of analyses during event Number of analyses during event

Date SS Metals Date SS Metals

March 25 2 – May 25* 12 3
March 26* 3 3 May 26* 14 3
March 28* 4 – May 28* 3 2
March 29 2 2 June 3–5* 7 –
March 30 1 – June 10 1 –
April 6* 6 3 June 11 2 –
April 7 2 – June 13* 24 4
April 8* 13 – June 19 1 –
April 9* 8 – June 20* 5 –
April 10* 10 – June 22* 8 –
April 14 1 – June 23* 22 –
April 15 2 – June 26 2 –
April 16 2 2
April 17* 21 7
April 23* 3 –
April 25* 25 5

* Events chosen for further studies (more than three samples were analysed for SS and heavy metals)



flow weir and an automatic water sampler (EPIC 1011), which was designed to take flow-
weighted samples. The measured parameters were the flow, concentration of suspended
solids and concentrations of total and dissolved heavy metals.

Laboratory analyses

The concentration of suspended solids (SS) was measured according to the Standard
Method SS 02 81 12. The concentrations of total and dissolved heavy metals were meas-
ured by ICP-MS and ICP-AES techniques at SGAB Analytica, Luleå, Sweden. The fraction
of dissolved heavy metals was attained by analysing the content of filtered samples (0.45
µm filter).

Data analyses

Event mean concentration and mass load calculations and statistical analyses were performed.
Event Mean Concentration, EMC, is calculated by dividing the mass load of a sub-

stance by the total runoff volume for each event (Huber, 1993).
The mass load (ML) of suspended solids and heavy metals during an event was calculat-

ed by numerically integrating constituent fluxes during short time intervals. The method
used is exemplified in Figure 1. ∆V1 was the accumulated volume at time t1, ∆V2 and ∆V3
were the means of the accumulated volume at t1 and t2, and so on. The mass loads for the
three estimated volumes were then calculated by multiplying the analysed concentrations
at t1, t2, and t3 by the associated volumes.

Statistical analyses were performed using the program Statgraphics to compare data
between the melt period and the rain period. First, box and whisker plots were used to
achieve a good data overview and to discover tendencies. Subsequently, t-tests were per-
formed, at a 95% confidence level, to test whether a statistically significant difference
occurred between the two periods or not.

Results and discussion
Hydrology

In general, the mean and maximum event flows during the melt period were lower com-
pared to the rain period except for the rain-on-snow events, as shown in Table 2. The reason
for the higher runoff of a rain-on-snow event, compared to a summer rain event, is that the
soil is saturated or frozen and the fast melting snow increases the runoff volume (Oberts,
1994).

Concentrations

Suspended solids. In general, the concentrations of SS seemed higher during the melt peri-
od (see Table 3), which could be explained by the amount of available material and flow.
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211 VV  + ∆V  = ∆ 111 Vc  .ML  =

432 = ∆ VV  + ∆V 222 Vc  .ML  =

653 VV  + ∆V  = ∆ 333 Vc  .ML  =

321 MLML  +ML  +ML =  

Figure 1 Method of estimating the volume used in mass load calculations



To determine if a significant difference existed between the EMCs of the melt and rain
periods, statistical analyses were performed. The box and whisker plot indicated a signifi-
cant difference between the two periods (see Figure 2).

To test this indication, a t-test was conducted. The t-test gave a p-value of less than 0.05,
which implied that the EMCs for the melt period were significantly higher compared to the
rain period at a confidence level of 95%.

The melt period contained two types of events, snowmelt events and rain-on-snow
events. As mentioned before, the concentrations were higher for both these types of events
when compared to the rain period without snow. However, the explanation for the higher
concentrations is different for these two types. The highest concentrations of SS 
were found during the rain-on-snow events most likely because the rainfall flushed the
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Table 2 Event duration (h), runoff volume (l), mean flow during the event (l/h), maximum flow during the
event (l/h) and the type of event for melt and rain periods. M =melt, R = Rain and S = Snow

Melt period Rain period

Date Event Runoff Mean flow Max. flow Type of Date Event Runoff Mean flow Max.flow Type of

duration vol. (l) (l/h) (l/h) event duration vol. (l) (l/h) (l/h) event

(h) (h)

March 26 6.5 334 51 108 M May 25 16 8,185 512 1,819 R
March 28 8 500 62.5 196 M May 26 15 4,266 284 3,419 R
April 6 11.5 852 74 750 M* May 28 8.5 779 92 1,404 R
April 8 10.5 1,241 118 325 M June 3–5 51.5 25,301 491 3,036 R
April 9 18 887 49 514 M June 13 7 5,724 818 4,946 R
April 10 11 2,219 202 961 R on S June 20 5.5 1,022 186 1,484 R
April 17 8 3,886 486 8,726 R on S June 22 4 1,545 386 2,707 R
April 23 7 379 54 272 R on S June 23 8 4,437 555 3,326 R
April 25 10 4,607 461 1,859 R on S
Sum 14,900 51,300

* Snow on snow

Table 3 Maximum, minimum, mean concentrations and EMC for suspended solids during the melt and rain
periods (mg/l)

Melt period Rain period

Date Min-max Mean St. dev. EMC Date Min-max Mean St. dev. EMC

March 26 110–730 373 320 374 May 25 37–200 83 50 104
March 28 160–280 232 53 228 May 26 76–310 178 92 120
April 6 380–860 605 187 551 May 28 30–53 38 13 36
April, 8 140–450 257 99 260 June 3–5 46–200 90 56 61
April 9 180–540 298 118 297 June 13 34–270 110 54 101
April 10 550–1,600 780 345 758 June 20 13–89 56 30 60
April 17 300–5,000 1368 1193 1640 June 22 7.1–33 18 10 19
April 23 65–200 128 68 131 June 23 2–43 14 12 15
April 25 240–1,600 667 278 764

Box-and-Whisker Plot
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Mean 555.822 64.525
Median 373.8 60.55
Variance 216977.0 1624.1
Standard deviation 465.808 40.3002
Minimum 131.3 14.7
Maximum 1640.1 120.1

Figure 2 Box and whisker plot for EMC with the related table



suspended solids accumulated in the snowbanks. In addition, the higher flow due to the rain
transported coarser materials, e.g. the material used for skid control, which had accumulat-
ed on the road surface. This conclusion agrees with the findings of Oberts (1994). The rea-
son for the higher concentrations during melt events, compared to the rainfall events, was
not only the lower flow but also due to a contribution of SS extracted from the melting
snowbank, as also reported by Sansalone and Buchberger (1996).

The SS concentrations for all events were plotted against the flow for the melt-and-rain
periods, respectively, in Figures 3 and 4. The events of April 17 and 25 had high flows,
which made it difficult to see the plotted concentrations vs. flow for the other events.
Therefore, two plots were made for the melt period – one with all events and the other with-
out these two events, as shown in Figures 3A and B. Figure 3B indicates a tendency of flow
dependent increase in the concentration of suspended solids during the melt period. This
tendency was also found in a study carried out in Cincinnati, Ohio (Sansalone and
Buchberger, 1996). However, when each event was analysed separately, this tendency was
not so clear.

For the rain period, the concentrations of SS were not flow dependent (see Figure 4), but
seemed to depend more on the inter-event time. Rain events following a period of dry
weather tended to produce higher concentrations, while rain events following shortly after
other events tended to produce lower concentrations.

Heavy metals. In general, the concentrations for all heavy metals seemed higher during the
melt period compared to the rain period (see Table 4). The box and whisker plots showed
tendencies of higher concentrations during melt periods compared to rain periods for all
metals. T-tests, at the 95% confidence level, confirmed that the EMCs for Cd, Cu and Pb
were higher during the melt period compared to the rain period. No statistical difference
was found for Ni and Zn. However, because of the relatively few analyses made for metals,
definite conclusions were difficult to draw.

The highest concentrations for all metals, as well as suspended solids, occurred during the
snow-on-rain events. This occurrence indicates that most metals were most likely particle-
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Figure 3 Concentration vs. flow for different events within the melt period
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bound and therefore, the reason for the high concentrations would be the same as for suspend-
ed solids. Previous investigations have shown that a strong correlation exists between metals
and EMC for suspended solids from snowmelt runoff (Sansalone et al., 1995).

The concentrations for all metals, within both the melt period and the rain period, were
compared to the Swedish Environmental Protection Agency (1999) guidelines. The com-
parisons showed that the highest concentrations in the runoff, during both periods studied,
exceeded the threshold values, which cause high risks of effects on the ecosystem in receiv-
ing waters. Consequently, these metals should all be considered when runoff is treated at
Södra Hamnleden in Luleå.
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Table 4 Maximum, minimum, mean concentrations and EMC for total and dissolved Cd, Cu, Ni, Pb and Zn
during the melt-and rain period

Melt period          Rain period

Date Min-max Mean St. dev EMC Date Min.-max Mean St. dev EMC

Cadmium
Tot. (µg/l) March 26 0.1–0.3 0.2 0.12 0.2 May 25 0.08–0.21 0.16 0.07 0.12

April 6 0.5–0.7 0.6 0.13 0.4 May 26 0.11–0.27 0.20 0.08 0.03
April 17 0.3–1.9 0.9 0.55 0.4 June 13 0.07–0.35 0.18 0.13 0.04
April 25 0.3–0.7 0.5 0.15 0.3

Diss. (µg/l) March 26 0.04–0.06 0.05 0.012 0.05 May 25 0.03–0.04 0.03 0.009 0.02
April 6 0.02–0.03 0.03 0.005 0.02 May 26 0.03–0.05 0.04 0.015 0.01
April 17 0.01–0.04 0.02 0.012 0.01 June 13 0.05–0.07 0.04 0.025 0.01
April 25 0.02–0.03 0.02 0.004 0.01

Copper
Tot. (µg/l) March 26 29–52 37 13 37 May 25 14–39 30 14 22

April 6 85–125 111 22 65 May 26 23–54 40 15 5.6
April 17 50–465 199 146 103 June 13 16–85 45 31 10
April 25 62–134 98 30 43

Diss. (µg/l) March 26 11–14 13 1.670 13 May 25 5.8–9.1 7.7 1.7 5.3
April 6 4.4–6.2 5.2 0.917 3.5 May 26 4.2–6.5 5.2 1.2 0.7
April 17 2.4–5.6 3.5 1.130 1.3 June 13 9.6–16 8.6 6.0 2.0
April 25 2.4–6.5 4.1 1.683 1.6

Nickel
Tot. (µg/l) March 26 6.3–16 9.9 5.3 10 May 25 3.3–23 12 10.7 8.8

April 6 23–36 31 6.4 18 May 26 3.7–11 8.2 3.9 1.1
April 17 14–177 73 57 39 June 13 1.9–14 6.9 5.6 1.5
April 25 19–44 32 10 15

Diss. (µg/l) March 26 1.7–1.9 1.8 0.087 1.8 May 25 1.1–1.7 1.5 0.3 1.0
April 6 1.4–2.2 1.8 0.430 1.2 May 26 0.7–1.3 0.9 0.3 0.1
April 17 0.9–2.9 1.5 0.686 0.5 June 13 1.5–2.6 1.2 1.1 0.3
April 25 0.6–2.3 1.4 0.751 0.5

Lead
Tot. (µg/l) March 26 8.5–31 16 12 16 May 25 5.1–19 14 7.5 10

April 6 33–48 42 7.7 25 May 26 9.9–25 19 8.0 2.6
April 17 27–168 80 50 40 June 13 7.0–30 17 10.4 3.9
April 25 24–59 39 14 18

Diss. (µg/l) March 26 0.1–0.2 0.14 0.02 0.14 May 25 0.2–0.6 0.4 0.2 0.3
April 6 0.2–0.3 0.25 0.04 0.16 May 26 0.2–0.3 0.3 0.1 0.0
April 17 0.2–0.4 0.24 0.06 0.10 June 13 0.3–0.4 0.2 0.2 0.1
April 25 0.2–0.3 0.23 0.04 0.12

Zinc
Tot. (µg/l) March 26 83–147 105 37 105 May 25 55–168 130 65 97

April 6 334–436 395 54 238 May 26 89–207 150 59 21
April 17 235–1680 791 514 393 June 13 42–358 169 143 37
April 25 252–607 410 138 181

Diss. (µg/l) March 26 11–16 14 2.6 14 May 25 22–50 34 14 25
April 6 11–14 12 1.8 8.0 May 26 23–49 33 14 4.6
April 17 7.1–22 12 6.6 4.2 June 13 62–117 55 46 12
April25 10–20 14 4.0 5.4



There was no statistical proof or any tendencies that the EMCs of the dissolved fraction for
any metals would be higher during melt period compared to rain period or vice versa.
However, there were tendencies for the maximum values of the dissolved metals to be higher
during the rain period, except for Ni. Also, the t-test showed that the maximum values for Zn
were, at a 95% confidence level, higher during the rain period compared to the melt period.

Mass loads

Suspended solids. Mass loads were calculated for SS during melt and rain periods (see
Table 5). The t-test showed that, at a 95% significance level, there was no difference for the
mass loads between melt and rain periods. However, when the sums of mass loads for 
the two periods were compared, they were about 3 times higher for the melt period. It can
also be seen that the mass load was increasing in time for the events within the melt period
and that the greatest loads came during the rain-on-snow events. This could be explained by
the larger amount of available material during the melt period, which the higher flows
during the rain-on-snow events could transport to the gutter.

Heavy metals. The t-test, at a 95% significance level, indicated no difference in mass loads
between the melt and rain periods. On the other hand, the mass load sums for all metals
were higher during the melt period compared to the rain period. On the contrary, dissolved
metal loads were higher during the rain period.

When examining the percentage of dissolved/total heavy metals in Figure 5, it was clear
that during the melt period more metals were particulate-bound as compared to the rain
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Table 5 Mass load of SS for melt and rain periods respectively

Melt period Rain period

Date Mass load SS (kg) Date Mass load SS (kg)

March 26 0.12 May 25 0.85
March 28 0.11 May 26 0.51
April 6 0.47 May 28 0.03
April 8 0.32 June 3–5 1.54
April 9 0.26 June 13 0.58
April 10 1.68 June 20 0.06
April 17 6.37 June 22 0.03
April 23 0.05 June 23 0.07
April 25 3.52
Sum 13 Sum 4

Table 6 Mass load of heavy metals for melt and rain periods respectively

Melt period Rain period

Date Cd Cu Ni Pb Zn Date Cd Cu Ni Pb Zn

Total (mg) March 26 0.07 12 3.3 5.4 35 May 25 0.97 183 72 85 796
April 6 0.32 55 15 21 202 May 26 0.12 24 4.9 11 90
April 17 1.7 401 149 153 1526 June 13 0.24 58 8.7 22 213
April 25 1.2 200 68 82 834
Sum 3.3 668 235 261 2597 Sum 1.3 265 86 118 1099

Diss. (mg) March 26 0.02 4.3 0.61 0.05 4.6 May 25 0.19 43 8.3 2.5 201
April 6 0.01 3.0 1.0 0.14 6.8 May 26 0.02 3.0 0.53 0.15 20
April 17 0.02 5.0 2.1 0.38 16 June 13 0.05 11 1.5 0.31 70
April 25 0.05 7.4 2.5 0.54 25
Sum 0.1 20 6 1 52 Sum 0.3 57 10 3 291



period with a higher percentage of the dissolved fraction, which confirms the earlier discus-
sion in the section on concentrations of metals that most of the metals during the melt
period were particle-bound. This was also found in the study carried out in Cincinnati, Ohio
(Sansalone and Buchberger, 1996).

The differences, in content and composition of road runoff, between melt and rain
periods will affect the effectiveness of various BMPs. This knowledge is essential for deci-
sion making when dealing with road runoff treatment, snow handling and street sweeping.
For example, since the highest concentrations of suspended solids, as well as metals, were
found during rain-on-snow events, one way to reduce the concentrations in the melt runoff
could be to clear the road surface before the melt period begins. After that, when the road
surface is bare, the remaining material should be swept as soon as possible followed by
repeated sweepings which will keep the road surface clean.

Conclusions
The different conditions during the melt period and the rain period with no snow on the
ground were found to have a great influence on the quality, i.e. concentrations and mass
loads of suspended solids and heavy metals, of road runoff from Södra Hamnleden, Luleå.

The flows, mean and maximum, for the melt period events were lower compared to the
rain period events, except for the rain-on-snow events. The intensity of the flow together
with the amount of available material influenced the concentrations and mass loads of sus-
pended solids and heavy metals during the melt period.

The concentrations of suspended solids were higher during the melt period compared to
the rain period; the highest concentrations occurred during rain-on-snow events. A
tendency of flow dependent increase was shown for the concentrations of suspended solids
during the melt period while this could not be detected for the rain period.

The results indicated higher concentrations of all heavy metals during the melt period
compared to the rain period, although statistical tests could not support this for all the
metals studied. The results for the dissolved fraction of the metals were much more compli-
cated, i.e. no clear conclusions could be drawn.

The detected concentrations of heavy metals during both the melt and the rain periods
were compared to threshold values according to the Swedish Environmental Protection
Agency. The conclusion made from these comparisons was that all metals should be
considered when runoff is treated at Södra Hamnleden in Luleå.

The mass load for suspended solids was about 3 times higher for the melt period com-
pared to the rain period. The same comparison was made for all heavy metals, which
showed higher mass loads during the melt period compared to the rain period. On the con-
trary, dissolved heavy metal loads were higher during the rain period. It was also shown
that more heavy metals were particulate-bound during the melt period as compared to the
rain period with a higher percentage of the dissolved fraction.
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ABSTRACT 
During snowmelt, in the springtime, concentrations of different pollutants can be very high in storm 

water and can cause detrimental impacts on receiving water bodies. This study analysed road runoff 
in northern Sweden with respect to the concentrations of and the loads of particles in different size 

fractions between a snowmelt period and a rainfall period, as well as during events within each 
period. There are also comparisons of the transport of different particle sizes between the two 

periods and during events within the periods and discussions on how different metals are associated 
with the varying particle sizes. The results show significantly higher concentrations of particles 

during the snowmelt period compared to the rain period for all particle size intervals. Also, the 
particle concentrations for both periods decrease as the particle size increases. During the snowmelt 

and rainfall period, important factors influencing the concentrations were the availability of 
material, the intensity of the lateral flow for the transport of the particles, and, additionally, for the 

rain period, the length of dry weather in between events. During the melt period, investigated 
particle sizes and TSS were highly correlated with total concentrations of Cd, Cu, Ni, Pb, and Zn. 

During the rain period, the correlations between total metal concentrations and the different particle 
sizes were not as significant. 

KEYWORDS 
cold climate, metals, particle size distribution, road runoff, snowmelt

INTRODUCTION 
In the northern part of Sweden, the snowfall is not prone to melt for 4 to 6 months through the 

winter period. For safety reasons, the maintenance of roads and highways during this period is very 
important. Large amounts of snow are ploughed to the sides and redistributed in different ways 

within, and sometimes outside, the urban area. The snow can be left as snow banks on the side of 
the road or transported to a local or central snow deposit (Reinosdotter, et al., 2003). Relocation of 

snow due to snow handling will affect the environmental impact because the recipient at snowmelt 
will be different than the recipient of rainfall in the summer. Another important part of the winter 

maintenance is protection against icy and slippery road conditions. In many parts of the world with 
a cold climate, large amounts of salt are used to keep a bare-road policy (Marsalek, 2003). 

However, in the very north of Sweden, the temperatures are often too low for salt, in the form of 
NaCl, to effectively melt snow or ice. Instead, the extensive amounts of sand continuously put on 

the roads accumulate during the winter period. After the snowmelt period, large amounts of sand 
and grit, with their associated pollutants, are left on the streets. The sand is collected by street- 

sweeping machines and often deposited. Ellis and Revitt (1982) suggested that street sweeping is 
efficient in removing particles greater than 250 m. The street-sweeping machines are becoming 

better (Sutherland and Jelen, 1997) and recent research (German and Svensson, 2001) has shown 
that street sweeping is an efficient method of removing sediments and metals from a street’s 

mailto:cam@sb.luth.se
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surface. However, a large amount of finer particles is still left on the surface, which, during 

snowmelt, will be transported to a recipient or through the sewerage system to a treatment plant. In 
the latter case, the treatment plant and sewer systems are affected by the melt water because large 

volumes during short periods lead to overflow and less effectiveness in the treatment plant due to 
low temperatures and the content of substances that the treatment plant is not built to remove. The 

interest in snow and snowmelt-induced runoff started around 1970 when an increased acidity in 
many watercourses in Sweden and Norway was reported. Acid snow is one reason for fish kill and 

reproduction failures in these lakes. This impact was studied only for rural areas while the studies in 
urban areas were focused on salt usage along roads and its effects on roadside vegetation and 

pollution of ground water. In addition to the effects of salt, snowmelt can cause environmental 
damage on water, soil, vegetation, and animals as a result of different pollutants, such as metals. 

Storm water levels of Zn, Cu, Cd, Pb, Cr, and Ni are considerably above ambient background 
levels, and for many roadways, Cu, Pb, and Cd often exceed US EPA surface-water discharge 

criteria (Sansalone and Buchberger, 1997). These heavy metals are present in both snowmelt- and 
rainfall-induced runoff. However, the snowmelt levels for these metals and suspended solids can be 

several orders of magnitude higher compared to those in rainfall runoff (Sansalone and Buchberger, 
1996). Snowmelt may occur during a short period in the spring and, during this time, the incoming 

load to the recipient can momentarily be very high. The impacts can either be acute toxic or arise 
after a long period of time, depending on the concentrations of the pollutants. When the runoff 

finally reaches the recipient, its impact will depend on the quality of the runoff, such as 
concentrations of pollutants, volume, flow, and temperature, and on the sensitivity of the recipient. 

OBJECTIVES 
The objective of this article is to compare concentrations and loads of particles in different size 
fractions between a snowmelt period and a rainfall period, as well as between events within each 

period. There are also comparisons of the transport of different particles sizes between the two 
periods and during events within each period and discussions on how different metals are associated 

with the varying particle sizes.  

STUDY AREA AND METHODS 

Field site 

The sampling operation was performed in an urban experimental facility in the central parts of 

Luleå in northern Sweden. The facility consists of a manhole connected to a gully-pot that receives 
runoff from a road surface approximately 6m x 110m during rainfall. However, during snowmelt or 

rain-on-snow events, the contributing area is larger because the snow banks on the side of the road 
are contributing runoff. The traffic intensity of the investigated road is about 7400 vehicles/day. The 

runoff is conveyed to a nearby water recipient via a separate storm-water sewer. 

Sampling

The sampling in 2000 was conducted from March 25 to June 26, where continuous flow 

measurements were made for snowmelt, rain-on-snow, and rainfall events. Analyses of suspended 
solids (SS), particle-size distribution, total and dissolved heavy metals, pH, and conductivity were 

performed during a selection of these events. In this article, the particle size distribution and total 
and dissolved heavy metals were considered (see Table 1). From March 25 through April 25, there 

was an existing snow layer of varying depth, while the latter part of the sampling period featured 
bare ground. Thus, these two periods will be referred to as the melt period and the rain period, 

respectively. The gutter at the road surface was equipped with a flow weir and an automatic water 
sampler (EPIC 1011), which was designed to take flow-weighted samples. The temperature was 

measured at the field site every 48 minutes from March 20 to May 19, with a Tinytalk data logger. 
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Precipitation measurements, measured every 12 hours, were received from the closest 

meteorological station, Kallax airport, located 7 kilometres away.  

Laboratory analyses 

The particle size distribution was analysed with a Coulter Multisizer II particle counter for particles 

within the range of 4 to 120 m. This equipment sizes and counts particles by measuring changes in 
electrical impedance produced by non-conductive particles suspended in an electrolyte. 

The concentration of suspended solids (SS) was measured according to the standard method SS 02 
81 12. The concentrations of total and dissolved heavy metals were measured by ICP-MS and ICP-

AES techniques at SGAB Analytica, Luleå, Sweden. The fraction of dissolved heavy metals was 
attained by analysing the content of filtered samples (0.45 m filter).  

RESULTS AND DISCUSSION 

Climatological data 

The temperature and precipitation data at the study site during the sampling period (2000) is 
presented by the hyetograph in Figure 1. After the end of the melt period, there was one month of 

dry weather until May 25 (apart from one small rain on May 19).  

Climatological data
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Figure 1. Temperature and precipitation data for the sampling period, 2000. 

Hydrology

The catchment hydrology for every event with a runoff volume of more or equal to ten litres during 
the melt and the rain period is presented in Table 1. There are tendencies of lower mean and 

maximum event flows during the melt period compared to the rain period except for the rain-on-
snow events, as shown in Table 1. The reason for the higher runoff of a rain-on-snow event, 

compared to a summer rain event, is that the soil is saturated or frozen and the rain together with the 
fast melting snow increases the runoff volume (Oberts, 1994). The bolded dates are events where 

three or more particle size distribution analyses were performed. These events are studied further in 
this paper.  
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Table 1. Catchment hydrology and analyses. M=melt, R=Rain and S=Snow.

MELT PERIOD RAIN PERIOD 

Date Event 

duration 

(h) 

Runoff

vol.  

(l)

Mean. 

flow 

(l/h) 

Max. 

Flow 

(l/h) 

Type of

event 

Date Event 

duration 

(h) 

Runoff

vol.  

(l)

Mean. 

flow 

(l/h) 

Max. 

flow 

(l/h) 

Type of

event 

March, 25 5 190 40 110 M May, 19 16 210 10 10 R

March, 26
1

6.5 330 50 110 M May, 25
1

16 8200 510 1800 R

March, 28
1

8 500 60 200 M May, 26
1

15 4300 280 3400 R

March, 29 8 570 70 220 M May, 27 7 40 6 30 R

March, 30 8.5 70 9 30 M May, 28 8.5 780 90 1400 R

April, 1 2 10 5 8 M June, 3-5 51.5 12000 240 3 R

April, 2 1.5 10 8 20 M June, 10-11 11 680 60 1 R

April, 4 5 10 2 5 M June, 13
1

7 5700 820 4900 R

April, 6
1

11.5 850 70 750 M June, 18-19 7.5 60 9 30 R

April, 7 11 830 70 310 M June, 19-20 7.5 200 30 250 R

April, 8 10.5 1200 120 330 M June, 20 5.5 1000 190 1500 R

April, 9 12 2100 180 510 M June, 22 4 1500 390 2700 R

April, 9-10 6 160 30 100 M June, 23 8 4400 560 3300 R

April, 10 11 2900 270 960 R on S June, 25 8.5 20 2 5 R

April, 10-11 24 470 20 360 M June, 26 21 1700 80 8800 R

April, 12 11 150 10 130 R on S    

April, 12-13 10.5 120 10 30 R on S    

April, 13 5.5 40 7 30 M    

April, 14-15 26 590 20 270 R on S    

April, 16 8.5 300 40 150 R on S       

April, 17
1

8 3900 490 8700 R on S       

April, 18 12 360 30 140 R on S       

April, 23 7 380 50 270 R on S       

April, 25
1

10 4600 460 1900 R on S       

Sum 16000    Sum 26000    

Sum   21000    Sum  41000    
1

 3 analyses made for heavy metals 

Concentrations of particles 

The original particle data was condensed into six particle size intervals: 4-6, 6-9, 9-15, 15-25, 25-
40, and 40-120 m. “Smaller particles” refers to particle sizes: 4-6, 6-9, and 9-15 m, and the 

“larger particles” refers to particle sizes: 15-25, 25-40, and 40-120 m. The results for May 25 were 
seemingly strange, so it has been excluded from the discussion in this paper.  

Differences between the melt- and rain period 

Events analysed for particle size during the snowmelt period had, on average, 8 times higher 
number of particles per litre of runoff, in the size range 4-120 m compared to the rain period. The 

higher concentrations for events during the melt period were also found for suspended solids by 
Westerlund et al., (2003). Another study in Cincinnati, Ohio showed that total metal elements and 

solids concentrations are higher in snowmelt-induced runoff compared to rainfall runoff. This 
difference was explained by the lower runoff volume during snowmelt compared to rainfall runoff 

and the long residence time of a snowbank, where the snow is continuously polluted (Sansalone and 
Bouchberger, 1996). When mean and EMC (event mean concentrations) for all six particle size 

intervals during the two periods were compared, the values for the melt period seemed to be higher 
than those for the rain period (see Table 2). To authenticate this, a statistical test was performed 

using the statistical programme Statgraphics. The test was a two-sample comparison of the means, a 
t-test, for the EMCs and the mean values of the concentrations of the six particle size intervals 

between the two periods. According to the t-test, at a 95 % confidence level, the mean of the 
concentrations during the melt period was significantly higher compared to the mean during the rain 

period for all particle size intervals. The same was concluded from the t-tests of the EMCs, apart 
from the intervals 9-15 and 15 -25 m, where the confidence level was 90% instead of 95%. It was 

observed that a larger flow implied a larger spread for the standard deviation of particle 
concentrations during both periods. This larger spread was evident since the variation in flow will 

affect the particle concentrations. As well, there were decreasing particle concentrations with larger 
particle sizes for both periods (see Table 2).  
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Differences between events during the melt period 
When the EMCs of the size fractions 4-6, 6-9, 9-15, and 15-25 m were examined, the 

concentration of particles between the first and the second event during the melt period had 
decreased (see Table 2). The runoff from these events was snowmelt-induced runoff, which initially 

contained higher concentrations due to a low flow and high concentrations of available particles 
accumulated during the winter period. This result was not applicable for the two largest particles 

(25-40 and 40-120 m), which explains why a higher flow was needed to transport these particles. 
Transportation of the particles refers not only to the transport on the road caused by the lateral flow 

but also to the transport of particles from the snow pack to the road, i.e., elution.  

Table 2. Min, max, mean conc, and EMC for different particle sizes during the melt and rain period 
respectively (number/ml). 
 MELT PERIOD RAIN PERIOD 

m/ml Date Min-Max Mean St.dev EMC Date Min.-Max Mean St.dev EMC 

4-6 April, 6 500 -1000 750 200 710 May, 25 10-130 50 40 90 

*10
3

April, 8 200 -700 400 170 400 May, 26 80-280 150 60 150 

 April, 9 200 -600 390 130 300 May, 28 40 -70 50 10 50 

 April, 10 600 -1 100 800 150 850 June, 13 30 -350 80 60 80 

 April, 17 100 -2 600 1000 750 1200 June, 20 10-60 40 20 40 

 April, 23 70 -230 140 85 150 June, 22 9 -40 20 10 20 

 April, 25 300-1 000 550 220 470 June, 23 2 -30 10 8 10 

6-9                 

*10
3
 April, 6 90-220 160 50 140 May, 25 3 -30 10 10 20 

 April, 8 30-130 65 30 65 May, 26 30-100 60 20 60 

 April, 9 40-170 80 40 60 May, 28 7-20 10 5 10 

 April, 10 160-320 220 40 210 June, 13 10-80 30 20 30 

 April, 17 20-1 140 350 310 420 June, 20 3-30 20 10 20 

 April, 23 10-40 25 15 30 June, 22 3-10 8 4 8 

 April, 25 70-370 220 75 210 June, 23 0.7-10 6 4 6 

9-15                 

*10
3
 April, 6 20 -60 40 20 30 May, 25 2-6 3 2 5 

 April, 8 6-30 10 7 10 May, 26 10-30 20 9 20 

 April, 9 7-50 20 10 10 May, 28 2-4 3 1 3 

 April, 10 30-80 50 20 50 June, 13 4-30 10 6 10 

 April, 17 5-420 110 100 140 June, 20 1-10 6 4 7 

 April, 23 2-5 4 2 4 June, 22 1-5 3 1 3 

 April, 25 15-130 70 30 70 June, 23 0.2-7 3 2 3 

15-25                 

*10
3
 April, 6 3-9 6 2 5 May, 25 0.4-2 1 0 1 

 April, 8 2-5 3 1 3 May, 26 2-6 4 2 3 

 April, 9 2-10 4 3 3 May, 28 0.6-1 1 0 1 

 April, 10 3-11 7 3 6 June, 13 0.5-6 2 1 2 

 April, 17 1-83 20 20 20 June, 20 0.3-2 1 1 1 

 April, 23 0.5-1 0.7 0.2 0.7 June, 22 0.2-1 0.5 0.3 0.5 

 April, 25 1.3-43 10 8 14 June, 23 0.03-1 0.5 0.4 0.5 

25-40                  

*10
3
 April, 6 1-3 2.2 0.7 2 May, 25 0.06-0.7 0.3 0.2 0.3 

 April, 8 1-4 1.9 0.9 1.9 May, 26 0.3-1 0.9 0.3 0.9 

 April, 9 0.6-3 1.8 0.9 1.9 May, 28 0.2-0.4 0.3 0.1 0.3 

 April, 10 0.5-4 1.8 1.1 1.8 June, 13 0.2-0.8 0.5 0.2 0.4 

 April, 17 0.1-16 3.8 3.5 4.8 June, 20 0.2-0.7 0.4 0.3 0.4 

 April, 23 0.1-0.5 0.3 0.2 0.3 June, 22 0.06-0.3 0.2 0.1 0.2 

 April, 25 0.6-9 2.2 1.5 2.9 June, 23 0.01-0.3 0.1 0.1 0.1 

40-120                  

*10
3
 April, 6 0.3-2 1 0.4 0.8 May, 25 0.02-0.4 0.2 0.1 0.1 

 April, 8 0.3-3 1.3 0.8 1.2 May, 26 0.05-0.6 0.4 0.2 0.4 

 April, 9 0.1-3 1.1 0.9 1.8 May, 28 0.2-0.3 0.2 0 0.2 

 April, 10 0.2-2 0.8 0.6 1 June, 13 0.06-0.4 0.2 0.1 0.2 

 April, 17 0.07-6 1.2 1.4 1.7 June, 20 0.08-0.4 0.2 0.1 0.2 

 April, 23 0.05-0.3 0.1 0.1 0.2 June, 22 0.03-0.2 0.1 0.1 0.1 

 April, 25 0.08-2 0.8 0.6 0.7 June, 23 0.01-0.2 0.1 0.1 0.1 
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The first rain-on-snow event was April 10, which was reflected by the increasing number of 

particles for the size fractions 4-25 m. The increase was caused by the rain-on-snow giving a 
“flush” through the snow pack that was able to elute more particles. This increase was not visible 

for the two largest fractions, which again was due to the required larger flow. The largest event, in 
terms of maximum and mean flow, during the snowmelt period was April 17. This rain-on-snow 

event had the highest energy to transport the largest number of particles for all size fractions. 
However, April 9 had about the same EMC for the largest size fraction, 40-120 m. This result was 

not expected because the mean and max flow was much lower during April 9. April 23 had the 
lowest number of particles during the melt period for all size fractions. The low numbers of 

particles was due to event attributes as low maximum and mean flow as well as being an end-of-
season event. The second largest event was April 25, which resulted in an increase in EMC. 

Consequently, during the snowmelt period, an important factor for EMCs seemed to be how much 
material was available both on the road and through elution from the snow pack during the melt 

period when the event was occurring. The number of particles in the snow pack decreased 
throughout the melt period as washout was continuously taking place. However, a common practice 

in this cold-climate region is to use anti-skid material whenever roads become slippery. Using such 
material could have occurred at several occasions throughout the melt period; therefore, the 

availability of material might have increased during parts of the period. Also important was the 
intensity of the lateral flow that was transporting the particles to the gully pot. This intensity was 

predominantly important for the larger particles that needed a high intensity lateral flow to be 
transported. 

Differences between events during the rain period 

During the rain period, the highest EMCs were found at May 26 for every particle size interval (see 
Table 2). As discussed for the melt period, the larger particles required a higher lateral flow to be 

transported. Consequently, high EMCs for the larger particles were found at events with high 
overland flows, such as May 26 and June 13. Despite the street sweeping, a certain amount of 

particulate matter would still have been left on the street at the beginning of the rain period. The 
number of particles was expected to decrease with time, as rain events occurred. However, in 

between the rain events, pollutants build up on the street surface. Higher EMCs for the all particles 
were found for May 26 compared to June 13, in spite of the higher overland flow for June 13, most 

likely due to more material having been available, i.e., the residuals from the street sweeping. The 
higher EMCs for all particle sizes during June 20 compared to those for the two following events, 

even though a high overland flow occurred during June 23, are explained by the reduction of initial 
residuals throughout the rain period and by the longer build-up period previous to June 20. During 

the rain period, the most important factors in terms of influencing the concentrations and EMCs 
seemed to be the length of dry weather in between rain events and the intensity of the overland 

flow. Also important was the amount of available material, the residuals from the street sweeping, 
at the beginning of the rain period. According to Sansalone et al. (1998), the primary variables 

controlling solids and particle delivery are runoff rate and duration as well as traffic intensity.

Mass load 

Differences between the melt period and rain period 

Events analysed for particle size during the snowmelt period had about 5 times higher number of 
particles in the size range 4-120 m compared to the rain period. The higher loads for events during 

the melt period were also found for suspended solids and total heavy metals by Westerlund et al.,
(2003). Since there were a number of events with no samples taken, a certain load of pollutants 

would not be accounted for when the total load of particles for the two periods was added up. To 
compensate for this, some assumptions were made. The total runoff volume was 21 000 and 41 000 

litres for the melt period and rain period respectively (see Table 1). However, during the seven 
events where particle size analyses were performed, the runoff volume for each period was 16 000 

and 26 000 litres, which meant that 24% and 37 % of the total runoff volume was coming during 
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the other events. The assumption was that the same percentage was missing for the pollutants. 

However, this assumption can be discussed because an increase in flow does not imply a linear 
response in the increase of particle transport. Considered the assumption, the number of particles 

within different size fractions and the total number of particles for the two periods were compared. 
The melt period was, for every particle size, 3-5 times greater than the rain period, and the total 

number of particles (4-120 m) was still around 5 times higher (see Table 3).

Differences between events during the melt period and rain period 
The events during the melt period had, on average, 75 % of the total number of particles in the size 

fraction 4-6 m, 19 % in the size fraction 6-9 m, 5 % for 9-15 m, 1 % for 15-25 m, < 1 % for 
25-40 m, and < 1 % for 40-120 m. The corresponding numbers for the melt period were 66, 23, 

8, 2, < 1, and < 1 %.  

Table 3. Nr of particles (E*8) for different particle sizes ( m) for events during both periods. 
Date Number of particles (E*8) during event within the different size fractions 

4-6 m 6-9 m 9-15 m 15-25 m 25-40 m 40-120 m

Total number of 

particles 4-120 m

(E*8) 

MELTPERIOD

April, 6 6000 1200 280 46 17 7 7500

April, 8 5000 810 170 39 24 20 6100

April, 9 6400 1300 310 73 40 40 8200

April, 10 25000 6200 1300 190 53 30 33000

April, 17 45000 16000 5300 940 190 70 68000

April, 23 550 100 10 3 1 0.6 670

April, 25 22000 9800 3400 640 130 30 36000

Total 110 000 36000 11000 1900 460 190 160 000

Total* 140 000 44000 13000 2400 560 240 200 000 

RAIN PERIOD 

May, 25 7700 1900 400 80 20 10 10000

May, 26 6500 2500 850 140 40 20 10000

May, 28 390 100 20 7 2 2 520

June, 13 4700 1800 740 120 24 10 440

June, 20 450 180 70 10 5 3 720

June, 22 320 120 40 7 3 2 500

June, 23 580 270 120 20 6 4 990

Total 21000 6900 2200 400 97 50 30000

Total* 28000 9500 3100 540 130 70 42000 

* Total number of particles after compensation for missing loads. 

Particle transportation  

Differences within events during the melt period and the rain period 

A concentration factor, Ci, was used to analyse the variations in concentration during different 
events for the melt period and the rain period. The concentration factor was used for each particle 

size.  

Ci=ci/ca where;  Ci= concentration factor for particle size “i” 
  ci= snowmelt or rain runoff concentration of particle size “i” 

  ca= arithmetic mean concentration 

The concentration factor, Ci, for all particles sizes during the first melt water varied between 0.1 and 
2.6. The corresponding values for the first rain runoff were 0.1-4.6. The higher Ci for the rain period 

indicates a first flush. The Ci, of substances, for the first melt water from rural snow ranged from 
1.3-10 (Abrahamns, et al., 1988; Bales, et al., 1990; Henriksen, et al., 1974; Johannesen and 

Henriksen, 1978). The difference in result between the melt water in this study and the one of rural 
snow, was to a great extent explained by the larger content of particles in urban snow (Oberts, et al.,

2000). For some events during the snowmelt period, as well as for the rainfall period, showed a 
tendency for the two smallest fractions of the particles (4-6 and 6-9 m) to have the largest 

concentrations at the beginning of each event. A rapid wash off of particles in the range 2 through 8 
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tended to occur for the smaller particles of the rain period. On the contrary, corresponding events 

during the melt period showed tendencies of a last flush. Laboratory studies showed that repeated 
freeze and thaw cycles lead to a delayed elution of particles and associated pollutants (Schöndorf 

and Herrman, 1987; Viklander, 1994). The delay could be explained by the particles being 
accumulated and detended at ice layers or lenses within snowbanks. 

Heavy metals 

To investigate how heavy metals (Cd, Cu, Ni, Pb, and Zn) were associated with particles, a 
regression analysis was made for the concentrations of metals against the six different particle size 

intervals and total suspended solids (TSS) (see Table Y) for snowmelt-induced and rainfall-induced 
runoff separately. For the original concentrations of the heavy metals, interested readers are referred 

to an earlier paper by Westerlund et al., (2003). Only linear regression analysis was performed 
because not enough analyses were made for heavy metals to perform more advanced regression 

analysis.  For the melt period, the regression for total metals against particle sizes and TSS had the 
highest correlation for the TSS. The higher correlation found for TSS means that suspended solids 

1.6 m can be associated with the highest concentrations of total metals. Therefore, even if source 
control measures, such as street sweeping, are performed, high concentrations and loads might 

reach recipients, because sweeping efficiency does not allow for the collection of particles smaller 
than 250 m (Ellis and Revitt, 1982). If additional treatment of the runoff is required during the 

melt period, a reduction of the TSS phase is most efficient regarding a reduction of the heavy metal 
pollution. Among the different particle sizes, 6-9 m had the highest correlation with total heavy 

metals, apart from Cd which had the highest correlation with 4-6 m. Then, the correlations 
decreased as the particle size increased. The same correlations were found in many studies, for 

example by Sansalone, et.al. (1995), and German and Svensson (2002). During the rain period, 
instead, the highest correlation for heavy metals was for the smallest particle size, 4-6 m. 

However, the correlations between total concentrations of heavy metals and TSS and different 
particle sizes were not as significant. Also, as for the melt period, the correlations decreased as the 

particle size increased. The lower correlations are explained by the lower percentage of particulate-
bound metals during the rain period compared to the melt period (Westerlund et al., 2003; 

Sansalone and Buchberger, 1996). Evidently, the dissolved fraction for both periods will have a low 
correlation.

Table 4. Adjusted R
2
 values for the conc. of metals regressed against different part. sizes and TSS. 

MELT PERIOD TSS  4-6 m 6-9 m 9-15 m 15-25 m 25-40 m 40-120 m

Cd-tot 99 93 89 86 79 70 54 

Cu-tot 98 94 95 93 86 73 57 

Ni-tot 99 92 97 95 89 75 58 

Pb-tot 96 93 94 90 82 70 53 

Zn-tot 96 94 95 90 81 68 52 

Cd-diss 42 54 58 51 37 35 23 

Cu-diss 5 0.1 8 13 10 12 8 

Ni-diss 1* 0.1 3 4 1 5 2 

Pb-diss 6* 6* 6* 6* 6* 4* 4* 

Zn-diss 15 20 22 21 15 16 7 

RAIN PERIOD TSS 4-6 m 6-9 m 9-15 m 15-25 m 25-40 m 40-120 m

Cd-tot 52 88 69 31 9 9* 11* 

Cu-tot 34 91 61 20 0.7* 11* 11* 

Ni-tot 18 27 12 3* 8* 10* 3* 

Pb-tot 57 88 76 39 14 8* 11* 

Zn-tot 27 89 51 11 6* 11* 10* 

Cd-diss 12 76 36 1 10* 11* 9* 

Cu-diss 10* 38 3* 10* 2* 7 7 

Ni-diss 9* 24 6* 10* 5* 5 8 

Pb-diss 3* 16 3* 11* 10* 10* 7* 

Zn-diss 3* 68 17 9* 10* 4* 0.8* 

* Negative correlation coefficient 
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Even though the toxicity of metal pollutants in receiving waters is mostly connected to the 

dissolved fraction, knowledge about the solid fraction of the metals is still important. One reason 
for this importance is that when the runoff reaches the recipient, the conditions might be different 

and might cause a change in the distribution between dissolved and particulate fraction. The worst 
case is an increase in the dissolved fraction of the metals. Of interest is knowing which particle size 

or sizes are associated with most of the pollutants and knowing how to treat the runoff most 
efficiently. For example, in Anchorage, Alaska, Watson (1999) found that using oil grit separators 

to control snowmelt-induced runoff was not practical because the largest wash off fraction is fine 
particulate. It is also relevant to know if there is a difference between how metals are associated 

with solids during snowmelt-induced and rainfall-induced runoff respectively. Differences might 
suggest different treatment solutions in different climatic zones or during different times of the year. 

CONCLUSIONS 
The concentrations during the melt period were significantly higher compared to those during the 
rain period for all particle size intervals.  

The events analysed during the melt period contained, on average, eight times as many particles per 
litre of runoff, for all particles sizes, compared to the rain period. 

The particle concentrations decreased as the particle size increased for the melt period, and rain 
period.

During the snowmelt and rainfall period, important factors influencing the concentrations were the 
availability of material, the intensity of the lateral flow for the transport of the particles, and, 

additionally, for the rain period, the length of dry weather in between events. 
Events during the melt period had about five times higher number of particles, for all particle sizes, 

compared to the rain period. 
Two different shapes cumulative curves were discerned. The difference in shapes seemed to depend 

on the flow during the events within each period. Events with high flow tended to have different 
particle sizes transported at different times while events with lower flow transported the particles at 

the same time. Events where the particle transportation occurred at different times during the two 
periods tended to have a first flush for the smaller particles during the rain period. 

During the melt period, investigated particle sizes and TSS were highly correlated with total 
concentrations of Cd, Cu, Ni, Pb, and Zn. The highest correlations were found for TSS and particle 

size 6-9 m. During the rain period, the correlations between total metal concentrations and the 
different particle sizes were not as significant. 
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ABSTRACT
In this paper, a simple model concept is presented to describe the dynamics of road runoff and 
suspended-solid transport from a small urban catchment in northern Sweden. The study 
period stretches from March 28 to May 28, 2000, including both snowmelt and rainfall. A 
modified degree-day method is used to describe the snowmelt and the transport of suspended 
solids is described by a linear build-up function and a wash-off model. The model was 
verified through measurements taken from March 22 to May 22, 2001. The results from the 
simulations showed that the simple model concept was capable of describing the dynamics of 
road runoff and suspended solids rather well, based on the continuous course of events for the 
whole modelling period. However, if the model was used for simulating a snowmelt period, 
or single events during snowmelt, the model approach would be too simple. 

KEYWORDS
modelling, road runoff, snowmelt, suspended solids 

INTRODUCTION
To protect the natural environment and the health and safety of community residents, the 
quality of receiving waters affected by runoff from urbanized watersheds must be amended. 
The physical, chemical, biological, and combined effects that runoff has on receiving waters  
are different, depending on the climatic conditions, but they seem to be particularly severe 
during snowmelt and rain-on-snow in cold, alpine, and some temperate climates (Marsalek,  
et al., 2003). The reason for this difference is that precipitation in cold climates will 
accumulate and stay as snow on the ground for several months, depending on the weather 
conditions. During this time, the snowpack will store chemicals, solids, and other pollutants 
that also have a higher release during winter months compared to the rest of the year due to, 
for example, the heating of houses, burning of fuels, starting of cold engines, wearing of tires, 
wearing of roads due to studded tires, and using anti-skid control agents (Malmqvist, 1983).  
The snowmelt quantity modelling is better developed than the snowmelt quality modelling 
(Marsalek, 2000). A number of different models for urban snowmelt quantity i.e., stormwater 
and snowmelt runoff, have been successfully reported up to now. Attempts to model urban 
snowmelt quality dates back to the early 1970s and progress has been made in conjunction 
with, for example, the U.S EPA Stormwater Management Model (Huber and Dickinson, 
1992) and in the form of independent model algorithms (Bartosova and Novotny, 1999). 
To decrease impacts from road runoff in cold regions, one must understand the dynamics of 
pollutants and then use this knowledge in models to predict and prevent environmental 
damage.  

mailto:cam@sb.luth.se
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OBJECTIVES
The objective of this article is to test a model concept for the dynamics of road runoff and 
suspended-solid transport within a small urban catchment during both snowmelt and rainfall.  

MODEL DESCRIPTION
The model of the catchment area is defined by two different surfaces: the road surface and the 
grassed area beside the road. When runoff is dominated by snowmelt, only the grassed 
surface, by assumption, is contributing because precipitation that falls as snow in the 
catchment area will almost immediately be ploughed off the road surface onto the grassed 
surface. When the runoff is dominated by rainfall, only the road surface is contributing as   
the contribution from the grassed area is deemed to be negligible.  
The model consists of two parts: one describing the dynamics of the road runoff and the other 
describing the dynamics of SS. The dynamics for the melt and rain runoff were simulated in 
an Excel spreadsheet and later simulated in the MOUSE RDI environment because some 
calibrating constants are not available to the user for manipulation in MOUSE. The dynamics 
of the SS transport were simulated in MOUSE TRAP. 

Runoff
The snow-melting process in the model is based upon the simple degree-day method where 
the quantity of snowmelt runoff is proportional to the number of positive degree days. To 
calculate the growth and melting of the snow cover, temperature data is used. Precipitation 
together with a negative air temperature implies an addition of precipitation to the snow cover 
while a positive temperature starts the snow-melting process. In the simplest form, the degree- 
day method can be expressed as follows: 

( )ma TTkQ −⋅=   Q=melt rate (mm/day) Ta=air temperature 

 k=melt rate factor (mm/ºC/day) Tm=threshold melt temperature 

However, a modification of the degree-day method was done according to Hernebring (1996), 
where consideration is given to the capability of the snow pack to retain water. The snow 
storage is divided into two parts: a liquid part and a frozen part. During thaw, the liquid part is 
first filled up until it reaches a certain percentage of the frozen part. The runoff from the snow 
storage will not start until the melting has filled up the liquid part. A description of refreezing 
of the snow storage is also included in the modification. A detailed description of the model 
concept, implemented in MOUSE RDI, can be seen in Figure 1. The surface runoff is routed 
with a simple linear time-area method and the concentration time set to 10 min. 

Figure 1. Details of the model concept for runoff - modified degree-day method. 
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Suspended solids 
The qualitative part of the model is based upon Svensson (1987). The model consists of the 
accumulation of particles, described by a linear build-up function, and the wash-off of 
particles from the catchment surface. The wash-off of particles is described in the model by 
raindrop erosion, equation 1 and 2, and is divided into a part for fine particles and a part for 
coarse particles. 

kArea
id

ir
drQS

rp

fine ⋅⋅⋅∝ (equ.1) 

kArea
id

ir
drQS

rp

coarse ⋅⋅⋅∝ (equ.2)   

   
The fine particles will transported according to equation 1 as long as there are fine particles 
available at the surface to be washed off while the amount of coarse particles is infinite in the 
model so the transport is only limited by the transport capacity of the overland flow. This 
maximum transport capacity of the coarse fraction is calculated by the Van Rijn formula 
(DHI, 2003).   

CATCHMENT AREA 
The small catchment area is situated at Södra Hamnleden in the central urban areas of Luleå. 
The runoff was collected from two lanes drained via a curb to a gully pot. The gully pot, 
which receives runoff from 110 meters of road, is connected to a separate storm-water pipe 
that conducts runoff to a nearby recipient. The traffic intensity of the road is about 7400 
vehicles/day and the road has a width of 6 meters. Sand is used as an anti-skid material, but 
no de-icing salts are used in the central parts of Luleå. 

SAMPLING
From March 28 to May 28, 2000, flow measurements were performed for snowmelt, rain-on-
snow, and rainfall events. Also, measurements used to verify the model were performed 
during March to June, 2001. The gully pot at the road surface was equipped with a flow weir, 
logged every two minutes during runoff, and an automatic water sampler (EPIC 1011), 
designed to take flow-weighted samples. For every 100 or 200 litres of runoff to the gully pot, 
a sample was taken for laboratory analyses. Temperature (measured every 3 hours) and 
precipitation (measured every 12 hours) data were received from the nearest meteorological 
station, Kallax Airport, about seven kilometres from the catchment area. Also, the 
temperature was logged every 48 minutes within the catchment area. Measured parameters 
were the pH, conductivity, concentrations of suspended solids (SS), and concentrations of 
total and dissolved heavy metals. The flow and suspended solids were regarded in this article. 
The concentrations of SS were measured in accordance with the standard method SS 02 81 
12.

RESULTS
As seen in Figure 2, at certain events, there is a large contribution of runoff while the 
contribution of SS is small, but also, the opposite is true, i.e., there is no linear relationship 

QS=mass transport of (fine or coarse) sediments (g/s)  
dr=detachment rate (m/s)  
ir=rainfall intensity (µm/s)  
id= rainfall intensity constant (µm/s) 
rp= rain power =2 (numerical exponent) 
Area=area of surface 
k=porosity constant (fine or coarse particles)
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between accumulated runoff and accumulated loads of SS. The model concept was tried out 
to describe this dynamic of road runoff and SS transport. 
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*the measured ack. SS has some events missing where runoff was measured but no analyses were performed. 

Figure 2. Measured accumulated runoff (m3) and massload of suspended solids (kg). 

Runoff calibration 
During the rainfall period, the contributing road area is about 0.06 ha. This area has been 
verified with flow measurements and precipitation data logged during rainfall at the end of 
May and June, 2001 (see Figure 3).

Figure 3. Verification of contributing area during rainfall. 

Unfortunately, no documentation of the snowpack was made, so indirect estimations were 
made based on the water balance and on temporal variations of the snowmelt runoff. The first 
step was to reproduce the growth and melting of the snow cover, i.e., the total snow storage 
(mm), by estimating and adding the amount of frozen and liquid H20 according to the model 
concept in Figure 1. Precipitation data from Kallax airport and the logged temperature data 
from the catchment area were used. To calculate the frozen and liquid H20, the melt-rate 
factor together with the water-retaining capacity were calibrating factors. The melt-rate factor 
was calibrated to 4 mm/oC, d and the water-retaining capacity to 0.08. These values were then 
kept constant for the whole simulation period. The freezing rate is set to a fixed value of 10 
mm2/ oC, due to the difficulty of using it as a calibrating parameter (Hernebring, 1996). The 
initial snow storage was estimated to be 25 mm. The reference temperature in the model was 
set to zero degrees. The runoff that the modelled snow storage would produce during the 
measuring period was calculated (mm) and compared to the measured runoff. The calibrating 
factor in this case was the contributing runoff area. The result was a contributing area of 0.011 
ha, which was held constant throughout the simulation. 
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Figure 4. Measured and modelled volume of road runoff during the measuring period. 

After April 17, the curves for modelled and measured runoff volume agree very well (see 
Figure 4) because the precipitation during this period was estimated from the measured 
runoff. This estimation was used because the precipitation data from Kallax airport was not 
accurate enough to produce the measured runoff from the catchment area and because the 
installed, site-specific tipping bucket rain gauge was not working properly. However, if only 
single-melt events were considered, the accuracy in volume and timing was not as good. 

Calibration of Suspended Solids 
In MOUSE TRAP, the calibrating factors of fine SS were the build-up rate, set to 7 kg/ha/day; 
the maximum value of SS on the surface, set to 48 kg/ha; and the dry weather period, set to 10 
days. The size of the coarse fraction was set so that enough energy would be provided for 
transport by the overland flow, at least during one of the events. These values were kept 
constant for the whole simulation period. The simulation using the calibrated values gave a 
very good agreement between measured and modelled loads of SS, except after April 25, 
where the modelled load of SS was much higher. The reason for the lower measured load of 
SS might be the street sweeping in the end of spring, where a lot of the anti-skid material is 
removed. According to the municipality of Luleå, the street sweeping began on April 25 (see 
Figure 5).

Figure 5. Mass of SS (kg) on the surface of the catchment area. 

Due to this removal of material, the simulation for SS was divided into two parts: the first 
simulation, prior to April 25, with the calibrated values described above, and the second 
simulation, subsequent to April 25, with new calibrated values for fine SS.  The new values 
were a build-up rate of 1 kg/ha/day, and a maximum load of SS of 10kg/ha. The two 
simulations put together in one graph showed a very coherent measured and modelled load of 
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SS (see Figure 6B). However, during two events on April 10 and April 17, the congruence is 
not satisfactory.

*the measured ack. SS has some events missing where runoff was measured but no analyses were performed. 

Figure 6. Accumulated measured and modelled runoff (m3) and load of SS (kg), 2000.

VERIFICATION

Runoff
The verification of the runoff model was made with flow measurements from March 22 to 
May 22, 2001. The initial snow storage was set to 50 mm, based on the water balance and the 
variations of the snowmelt runoff. Since site-specific precipitation data was not available, data 
from Kallax airport was modified to match the runoff measured during April 9 to May 22. 
After these modifications, which were necessary for the subsequent SS modelling, the 
measured and modelled runoff was very coherent (see Figure 7A). 

*the measured ack. SS has some events missing where runoff was measured but no analyses were performed. 

Figure 7. Accumulated measured and modelled runoff (m3) and load of SS (kg), 2001. 

Suspended solids 
The results for the verification of total SS indicated very high loads towards the end of the 
simulation period. Fine and coarse suspended solids were studied separately. It was mainly 
the coarse fraction that created the problems during May 19 to 21, with an unreasonably high 
transport of 67 kg, and was therefore re-calibrated. In 2001, the simulations are also divided 
into two parts prior to and subsequent to the street sweeping on May 17. The modelled 
accumulated SS for the two periods put in one graph together with measured accumulated SS 
can be seen in Figure 7B. 
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DISCUSSION
Two sums are presented in Table 1. The total sum is the sum of runoff and SS for all 
measured and modelled events during the simulation periods of the two years respectively. 
There are some measured events where no analyses have been made. Consequently, the total 
sum for SS will remain unknown. The analysis sum is the sum of runoff and SS for the 
measured events where SS analysis has been performed, and the corresponding modelled 
events. The analysis sum for the measured accumulated SS, and the total sum for the 
modelled accumulated SS, was plotted in figure 6B and 7B. The consequence of this is 
slightly higher loads of measured accumulated SS throughout the simulation periods. During 
discussions related to figure 6B and 7B, this could be kept in mind. 

Table 1. Total sum and Analysis sum for measured and modelled runoff and SS. 

After calibrating the model for 2000, the results showed a good congruence between modelled 
and measured runoff and the transport of SS, based on the continuous course of events for the 
whole modelling period. However, when looking at the period before April 17, i.e., at 
snowmelt, the runoff was not accurately described (see Figure 3 and 6A). For both years, 
modelling the snowmelt accurately was difficult. This difficulty illustrates that the modified 
degree-day method has some insufficiencies in describing the snowmelt, i.e., it does not take 
into account the radiation balance of urbanised catchments (Semadeni-Davies, 2001). Also, 
features included in the model could influence the inaccuracy, e.g., that the melt rate factor 
was kept constant throughout the simulation period. Measured and modelled runoff volumes 
for events subsequent to April 17, 2000 agree very well. Also, the agreement between 
measured and modelled SS subsequent to April 17 is also good (see Figure 6B). The only 
conspicuous events where the transport of SS is discrepant year 2000, are during April 10 and 
17 (see Figure 6B). The rationale behind the lower modelled load of SS during April 10 could 
be that the intensity of the runoff is not accurately modelled (see Figure 6A). This resulted in 
a lower overland flow that is not capable of transporting the large amount of coarse SS 
accumulated towards the end of the melt period. The higher modelled load during April 17 
could be explained by a too-simplified description of the transport of coarse sediments. April 
17 is the only event where the overland flow is high enough to transport coarse sediments. 
This mismatch might be improved by upgrading the model with a more detailed surface-
runoff description. A more physically based representation might be essential in describing 
suspended solids transport dynamics for both coarse and fine SS. Another way of improving 
the model could be to look into the wash-out of pollutants from a snowpack. Also, the build 
up of pollutants in the snowpack because it differs from the build up on bare ground. A 
possibility would be to connect the traffic intensity to the build up of pollutants. 
As well for 2001, from April 9, the more precise runoff reflects the better agreement of SS 
transport within the events (see Figure 7B). This precision demonstrates the importance of an 
accurate runoff volume to simulate the SS correctly. It also shows that the model concept for 
the transport of SS works better when the precipitation is falling as rain. The result for the 
transport of SS during 2001 is discrepant in the beginning of the snowmelt because almost no 
runoff is produced in the model before March 31 due to the problems with the degree-day 
method (see Figure 7A and B). For the same reason, during April 2 to 3, a large difference 

2000 2001 

 Measured Modelled  Measured Modelled 
 Runoff (l) SS (kg) Runoff (l) SS (kg)  Runoff (l) SS (kg) Runoff (l) SS (kg) 

Analysis 
sum

32100 15.6 31200 14.1 
Analysis 
sum

63100 11.6 63900 8.4 

Total sum 33600 ? 34500 14.5 Total sum 68900 ? 69600 11.2 
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exists between the modelled and measured transport of SS. Shortly after, from April 4 to 7, 
there is, instead, a larger modelled quantity, especially of runoff, but also of SS because the 
snowmelt started later in the model compared to what was measured. Therefore, a larger snow 
storage is left to generate more runoff and SS in the model. Subsequent to this period, the 
runoff was modified, and the transport of SS is seemingly more accurate. The last big event, 
April 19 to 21, is the only event during 2001 where coarse SS was transported, and a 
recalibration was done to fit the measured SS. Again, this shows the need for a more 
physically based representation in describing suspended solids transport dynamics.  
The results of the verification showed a fairly good congruence between modelled and 
measured transport of SS, based on the continuous course of events for the whole modelling 
period. However, previous to April 9, i.e., at snowmelt, the congruence between modelled and 
measured runoff and transport of SS is not accurate for single events, nor that period. 
Consequently, if the model was used for simulating a snowmelt period, or single events 
during snowmelt, the model approach would be too simple. 

CONCLUSIONS
The modified degree-day method is inadequate to describe the snowmelt dynamics well. The 
build-up and transport of fine and coarse suspended solids should be improved during 
snowmelt conditions. Despite a simple model concept it was possible to describe the 
dynamics of road runoff and suspended solids rather well, based on the continuous course of 
events for the whole modelling period. However, if the model was used for simulating a 
snowmelt period, or single events during snowmelt, the model approach would be too simple.

ACKNOWLEDGEMENTS
This work was supported by FORMAS which is gratefully acknowledged. The presented 
results have been obtained within the framework of the EC funded research project 
DayWater, contract N° EVK1-CT-2002-00111, co-ordinated by Cereve at ENPC, France. The 
project is organised within the "Energy, Environment and Sustainable Development" 
Programme in the 5th Framework Programme for "Science Research and Technological 
Development" of the European Commission and is part of CityNet, the cluster of European 
research projects on integrated urban water management. 

REFERENCES
Bartosová, A. and Novotny, V. (1999). Model of spring runoff quantity and quality for urban watersheds. Water, 

Science and Technology, 39 (12):249-256. 
DHI, (2003). MOUSE TRAP Tech. Ref. DHI, Water and Environment, Horsholm, Denmark. 
Hernebring, C. (1996). Snösmältningspåverkan på avloppssytem inom urbana områden. VA-forsk rapport, 

1996:07. Svenskt Vatten (in Swedish). 
Hubert, W.C. and Dickinson, R.E. (1992). Stormwater Management Model Version 4: user’s Manual. EPA 

Report EPA/600/3-88/001a, U.S.Environmental Protection Agency, Athens Georgia. 
Malmqvist, P.-A. (1978). Atmospheric fallout and street cleaning-Effects on urban water and snow. Prog. Water 

Technol., 10 (5/6), 495-505. 
Marsalek, J. et. al., (2000). UNESCO. Urban drainage in specific climates. International Hydrological 

Programme. Technical Documents in Hydrology, no. 40, vol.2. 
Marsalek, J., Oberts, G., Exall, K and Viklander, M. (2003). Review of Operation of Urban Drainage Systems In 

Cold Weather: Water Quality considerations. Water, Science and Technology, 48 (9): 11-20. 
Semadeni-Davies, A, et al. (2001). Radiation balance of urban snow: a water management perspective. Cold 

Regions Science and Technology, 33, pp 59-76. 
Svensson, G. (1987). Modelling of Solids and Metal Transport from Small Urban Watersheds. Doctorial thesis. 

Department of Sanitary Engineering. Chalmers University of Technology.Göteborg. Sweden.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




