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Abstract
Years with a large amount of snow in combination with a late spring, constitute a risk for flooding.
To decrease that risk, the possibility of spreading wood ash on snow to advance snowmelt has
been examined. The idea is to blacken snow with ash, on south facing slopes, where the effect of
solar radiation is the greatest. In that way, part of the runoff can be speeded up and the amount of
meltwater can be distributed over a longer period of time.

By blackening of snow, the albedo is lowered, which lead to less reflection of solar radiation and
an increase in snowmelt. The same effect is seen in our cities and alongside our roads, where dirty
snow melts sooner compared to rural snow.

This report is the result of an experiment, during April 1999, where wood ash was spread on snow
to increase the melt rate. The result from that experiment for a horizontal snow cover, blackened
with 0.03 kg ash/m2, is a 35% decrease in albedo compared to natural snow. The increase in
snowmelt, measured in Snow Water Equivalent, was 70% (from 0.7 cm/day to 1.2 cm/day). A
south facing snow cover with a slope of 30° and blackened with 0.15 kg ash/m2, had an increase in
melt rate, measured in SWE, with 105% compared to naturally sloped snow (from 2.2 cm/day to
4.5 cm/day). The increase in snowmelt was not proportional to the amount of ash used. The
increase in snowmelt was decreasing with increasing concentration of wood ash. This means that
even a small amount of ash leads to a relatively high melt rate.

The degree-day method was used to model the snowmelt but was inadequate to simulate
snowmelt for the blackened snow. Days with air temperature below zero, gave no melt according
to the model but due to the low albedo, melt did occur in reality. For the horizontal, natural snow
one must consider early and late spring melt, because the degree-day factors vary a great deal
between these two periods. The degree-day factor increased for horizontal snow blackened with
0.03 kg ash/m2, by 70% compared to natural snow.
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Sammanfattning
För att i framtiden kunna minska risken för stora översvämningar orsakade av sen snösmältning,
under år med ovanligt mycket snö, undersöks möjligheten att sprida ut trä aska på snöytan för att
påskynda snösmältningen. Tanken är att spridningen skulle ske på de delar av snötäcket i ett
avrinningsområde som är mest utsatta för solstrålning. På så sätt kan man tidigare lägga en del av
snösmältningen och sprida ut mängden smältvatten under en längre tidsperiod.

Genom att svärta ned snö med aska sänker man albedot, som leder till mindre reflektion av
solstrålningen och istället ett ökat upptag av energi i snötäcket. Detta leder till snabbare
snösmältning och kan jämföras med snösmältningen i våra städer och längs våra vägar, där snön på
grund av smuts försvinner fortare jämfört med snö ute på landet.

Ett experiment, under våren 1999, med snö svärtad med olika koncentrationer av aska har utförts.
Resultatet av denna visar, för en horisontell yta, på en sänkning med 35% av albedot vid en
koncentration av 0.03 kg/m2 aska. Detta gav en ökning av snösmältningen, mätt i vatten
ekvivalent, med 70% (från 0.7 cm/dag till 1.2 cm/dag). För en snöyta med 30° lutning, gav en
koncentration av 0.15 kg aska/m2, en ökning av smälthastigheten med 105% (från 2.2 cm/dag till
4.5 cm/dag). Ökningen av snösmältning visade sig inte vara i proportion till mängden aska, utan
ökningen i smälthastigheten avtog med ökad koncentration av aska. Även en liten mängd aska ger
alltså relativt hög effekt på avsmältningen.

En modellering av snösmältningen gjordes med graddagars-metoden men gav inte något bra
resultat för simulering av svärtade snöytor. En svaghet är dagar då medeltemperaturen är under
noll grader och det låga albedot trots den låga temperaturen ger smältning på grund av
solstrålningen. För naturlig horisontell snö måste hänsyn tas till tidig och sen snösmältning, då
graddagars konstanten varierar stort mellan dessa två perioder. Graddagars-faktorn ökade för
horisontell snö, med koncentrationen 0.03 kg aska/m2, med 70% jämfört med orörd snö.
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1 Introduction
In the northern parts of Sweden, the country is covered with snow during winter. When snowmelt
occurs in the spring it is the major hydrological event of the year. Years with great amounts of
snow combined with late spring and heavy rains can lead to great flooding in rivers and lakes. This
can destroy houses, roads, bridges and much more, worth a large amount of money. The
responsibility of handling and rectifying all risks involved in a flood lies upon the individual
property owner and the municipalities. The Swedish rescue organisation, Räddningskåren, has the
responsibility to block of roads and areas in danger for the public and to evacuate stranded people
(SMHI, 1999).

To decrease the flood peak such a year, the snow would have to start to melt earlier in the spring
and so distribute the amount of runoff over a longer period of time. One way to accomplish this
would be to spread wood ash on some parts of the snow in the catchment area. Dirty snow is
known to melt faster than pure snow, which can be observed in urban areas during springtime.
Less of the solar radiation is reflected and it contributes instead to raise the energy input into the
snowpack. South facing slopes are most exposed to solar radiation, so if wood ash can be spread
in catchment areas on south facing slopes, part of the snowpack can melt earlier and runoff will be
distributed over a longer period of time. Such a method could decrease the risk of an extensive
flooding.

1.1 Background
Farmers used this technique to increase snowmelt, a hundred years ago, to be able to sow their
arable land earlier in the spring. The snow and the frost in the ground disappeared faster, which
lead to early sowing and increased the chance of a better crop that year. Ash also contributed to
fertilising the soil.

Conway et al. (1996), investigated the influence of dirty snow on albedo at Blue Glacier
(47°48’N;123°42’W) in 1991. Volcanic ash and hydrophobic (submicron-sized) soot was used to
blacken the snow and the mobility of the particles was observed to investigate its long-term effect
on albedo. Small soot particles had tendencies to partly flush through the snow pack along with
melt water but as volcanic ash it showed a substantial, long-term effect on the albedo. Albedo was
reduced by 30% and melting was increased with 50% compared to untreated snow.

Göke (1998), performed a small experiment at Luleå University of Technology with the aim to
reduce albedo and accelerate the melting process using wood ash. For the highest concentration of
ash, albedo was reduced by 53% and lowering of snowpack depth accelerated to 195% compared
to natural snow.

1.2 Aim and purpose
In this Master thesis an experiment has been done during snowmelt to examine if spreading of
wood ash could be used to prevent flooding. The purpose of this project was:

• To decrease the albedo of snow by using wood ash to blacken horizontal and sloped surfaces,
in order to increase snowmelt.

• To measure and compare snowmelt on natural and blackened, horizontal and sloped surfaces.
• Model the snowmelt using a degree-day method.
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2 Spreading of wood ash and environmental effects
In this chapter a short reflectance will be made regarding the method of increasing snowmelt with
wood ash and the possible environmental effects. It is beyond the scope of this master thesis to go
deeper into the subject but it will hopefully give a short summary of the subject.

2.1 Using wood ash to prevent flooding
The first questions that turn up around this subject are: how, where and when to spread the ash?
The idea is to spread the ash by helicopter or aeroplane. South facing slopes are, due to the high
solar angle, where the snow melts first and where the effect of ash would probably be the greatest.
If the ash were to be spread 2-3 weeks before the natural snowmelt, the high peak of the runoff
would hopefully be decreased. Before this idea to prevent flooding can be develop, we must know
how much ash that needs to be spread and what effect it has on the melt rate, which are the
questions of issue for this report.

Today wood ash is not allowed to be spread in the environment, but Sweden is one of few
countries that started to investigate the effects of returning wood ash to cut forests, in order to
bring back some of the nutrients lost in the cutting. Especially the southern parts of the country are
interested, because there the acidification is more significant compared to the northern parts. The
only literature found involves spreading of wood ash in forested land, while in this method to
prevent flooding, ash is supposed to be spread in open land where snow lies deep. It is also most
likely that mountain areas of Sweden will be affected, since it is snow from those areas that leads
to flooding further down in the catchment area. These different environments can not be compared
with forested land and a special investigation must be made regarding effects of ash in mountain
areas.

To increase snowmelt and create an unnatural runoff will probably have negative effects on the
environment but these effects must be compared to the effects of a flood. A large flood will also
have negative environmental effects and possible also large economical costs. The environmental
effects must be compared to what is gained if a large flooding can be prevented.

If the negative effects mean that wood ash can not be accepted maybe other materials can. What is
important is that the snow in some way is blackened, so that the albedo decreases and snowmelt,
due to the lowered albedo, increases.

2.2 Wood ash and its effects in forests
If nothing else is mentioned, all facts under this headline are derived from a series of reports
regarding the subject of bringing back wood ash to forested land. The references are: Nilsson and
Jönsson (1996), Holm et al. (1997) and Nilsson and Eriksson (1997).

Environmental effects will probably differ between forested land and mountain land but the most
important effects seen in forests might give a hint of what to expect in mountain land.

The Swedish ”Naturvårdsverket” and ”Skogsstyrelsen”, admitted in 1994 a policy for bringing
back wood ash to forested land. The main message in that policy is ”Ash is a resource that should
be part of nature's circle, under the condition that no serious, negative effects to the environment
will occur”. In short-term time scale no negative effect has yet been detected. The long-term
effects however are still to discover and thus the only obstacle for bringing back ash to the forest
in full scale.
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Ash that is spread must have a balanced nutrient content and low percentage of pollutants.
Unstable and fresh ash is very reactive. It must be well burnt and stable with a slow resolution so
that nutrients and metals are let out into the soil, during a long time and in small doses. This is
important because if too many nutrients and metals are added into the ground during a short time,
biological processes that occur in the soil may be damaged. The amount of ash must be adjusted
so that biological processes not in any way may be damaged. There is, in the long run, a risk for a
net supply of metals compared to natural conditions.

A problem that comes with the use of cutting rests for fuel is that the forests are impoverished of
nutrients that can lead to acidification. By bringing ash back to the forest, those effects would be
counteracted and make a larger output of cutting rests possible. It can also help land where acid
fallout has increased the acidification. Wood ash contains minerals that trees once gathered from
the ground and when brought back they increase the content of bases, which raise the pH-value.
Wood ash will not gain growth, but without any compensation for withdrawal of cutting rests, the
future growth of forests will become threatened.

The pH-value of wood ash is high and a large sudden raise of the pH-value in the soil can lead to
damage. When considering the pH, factors for the wood ash such as size, amount, content and
properties of hardening are important. You must also consider the original state of the soil. Ash
that is hardened, or in granulated and pellet form, is less reactive compared to loose ash.

The top layer of the soil, called humus-layer, has a large content of organic material and a high
buffer capacity, which mean a larger and quicker raise in pH compared to underlying layers. When
ash is spread, a salt-effect can sometimes be observed. This involves lowering of pH-value in
underlying layers because of suppression of H+ from cations in the ash. This salt-effect is short and
will disappear in one or two years.

When ash has been supplied, the activity and mass of microorganisms will in most cases increase.
Too much ash added could instead lead to some negative effects, such as a high amount of salt,
which leads to decreasing activity of microorganisms. Adding heavy metals in large amounts are
crucial to plants and microorganisms. The soil can also become depleted of coal, because
microorganisms mineralise the coal and carbondioxids are resigned to the air. Mineralising of
nitrogen (turnover from organic to inorganic nitrogen) also increases, which means nitrogen
available to vegetation might decrease because of the increased uptake by microorganisms. When
nitrogen is mineralised, ammonium is formed and then oxidised to nitrate, a process called
nitrification.  Nitrification occurs on nutrient rich land and nitrifying bacteria favours high pH-
values. High amounts of salt and heavy metals will on the other hand inhibit the process. The
increased process of nitrogen mineralising is mostly very short, from a couple of month up to a
year in time. Thereafter, it decreases and compared with untreated land it becomes lower.
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3 Process of snowmelt
In the northern parts of Sweden and other northern countries in the world, snowmelt is the largest
contributor to runoff and can not be compared to any other hydrological event over the year.

3.1 Radiation
All substances emit radiation energy and the intensity and wavelength is dependent on the
substance's temperature. High temperature gives high intensity of the total radiation and shorter
wavelength for the maximum intensity (USACE, 1956). Electromagnetic radiation comes from the
sun, the earth and the atmosphere and includes a large number of wave lengths, such as gamma-,
X-ray-, ultraviolet-, visible-, infrared- and electromagnetic radiation. From a meteorological and
snowmelt point of view the following spectra is interesting: 0.15-100 µm. This spectra is divided
into two categories that are solar (shortwave) radiation and terrestrial (longwave) radiation.
Shortwave radiation goes from 0.15 to 4 µm and longwave from 4 to 100 µm.

3.1.1 Shortwave radiation
Clouds reflect some of the shortwave radiation and some is scattered by molecules and other
particles in the atmosphere. Absorption by ozone, water vapour, carbon dioxide and nitrogen
compounds also occurs so that finally only 47% on average, reach the earth surface (Gray, 1981).
The variation from day to day can therefore be very large. Shortwave radiation is the dominant
source of energy input for the process of snowmelt during springtime.

Albedo
Albedo is the ratio between the reflected shortwave radiation by a surface, in this case the snow
surface, and the incoming shortwave radiation. Total reflection means 1.0 in albedo and freshly
fallen snow is in the range of 0.8-0.9, see Table 1. At the end of the snowmelt period the albedo
decreases down to about 0.4 (Gray, 1981). With decreasing albedo less radiation is reflected from
the snow surface.

Table 1: Albedo of different surfaces for shortwave radiation (Gray, 1981).

Surface Typical range in albedo
New snow 0.80-0.90
Old snow 0.60-0.80
Melting snow-porous→fine grained 0.40-0.60
Forests-conifers, snow 0.25-0.35
Forests-green 0.10-0.20
Water 0.05-0.15
Snow ice 0.30-0.55
Black ice: intact→candled→granulated 0.10→0.40→0.55

Albedo is affected by the properties of snow such as wetness, impurities like dirt or chemicals,
particle size, density, composition and surface roughness, see Table 1.

When shortwave radiation reaches the snow surface, part of it penetrates the upper layer of the
snowpack so all is not reflected or absorbed on the surface. Within the snowpack radiation is
scattered and reflected, due to snow crystals. O’Neill and Gray (1972), call this layer of
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penetration the active layer, which can extend 2-4 cm centimetres down into the snow pack. The
albedo of a shallow snow cover will therefor be influenced by the albedo of the ground.

3.1.2 Longwave radiation
Thermal (longwave) radiation is emitted from all terrestrial surfaces, and consists almost
inclusively of infrared wavelength. The atmosphere emits longwave radiation as well as the snow
surface. Longwave radiation in the atmosphere is absorbed and emitted by the three atmospheric
gases water vapour, carbon dioxide and ozone, of which water vapour is the most important
(Rindert, 1984). Exchange of longwave radiation between snow and air depends on cloud cover,
water vapour, night-time cooling and forest cover (ASCE, 1996).

A body that absorbs all radiant energy with no reflection and for each wavelength emits maximum
amount of radiation dependent on its absolute temperature, is called a black body (Rindert, 1984).
For longwave radiation a snow surface is close to being a black body. Longwave radiation emitted
by a body is a function of its surface absolute temperature and its emissivity, here described by the
Stefan-Boltzmann equation (Maidment, 1992).

Q Tl s= ⋅ ⋅ε σ 4 (1)

Ql = longwave radiation (W/m2)
ε = emissivity
σ = Stefan-Boltzmann constant (5.67⋅10-8 W/m2, K4)
Ts = surface temperature (K)

As said above, for the atmosphere, water vapour emits the largest flux of longwave radiation, so
emissivity can be expressed as a function of vapour pressure. Brunt formula, Equation 2, describes
the relationship (Maidment, 1992).

ε = +a b ea (2)

ea = vapour pressure of air (Pa)
a, b = coefficients

The two coefficients a and b change with location and climate. Values for a vary between 0.30-
0.66 and for b between 0.0039-0.0127. The emissivity of snow mostly ends in a narrow range
from 0.97 for dirty snow to 0.99 for fresh snow (Maidment, 1992).

3.2 Density
Snow density varies with time due to metamorphism, temperature, water vapour gradients,
settlement and wind packing of the snow. Freshly fallen snow is said to have an average density of
100 kg/m3, but varies widely depending on how much air is contained within the snow crystals
(Gray, 1981). The largest impact on density is probably during snowmelt, when density is affected
of the storage and the loss of meltwater. Density can, during snowmelt, reach the value of 500
kg/m3 (Gray, 1981). In Table 2, different densities for snow are shown.
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Table 2: Density of different snow types. Table taken from Gray (1981).

Snow type Density in kg/m3

Wild snow 10-30
Ordinary newly fallen snow 50-65
Settling snow 70-190
Settled snow 200-300
Slightly wind toughened, newly fallen 63-80
Average wind toughened snow 280
Hard wind slab 350

3.3 Snow Water Equivalent
Ablation is used to denote the decrease in snow depth and is measured in meters. Because a
snowpack is settled in layers that can vary in density, the best way to measure the melt of the
snowpack is instead with changes in Snow Water Equivalent. SWE is the equivalent depth of
water of a snow cover and is retrieved from the depth and density of snow, Equation 3.

SWE dsnow

water
snow= ⋅

ρ
ρ

(3)

ρsnow = average density of the snowpack (kg/m3)
ρwater = density of water (1000 kg/m3)
dsnow = depth of the snow cover (m)

When melt rate is mentioned in this report its the amount of SWE redrawn from the snowpack that
is referred to. Ablation rate is the surface lowering of the snow pack.

3.4 Snow texture and metamorphosis
Snow falls on many occasions, under different meteorological conditions during one winter and a
snow cover is therefore built up by layers of different snow types. Size and form of snow crystals
vary and wind, temperature, rain and radiation affect the settling snow. After deposition snow also
go through metamorphism.

Metamorphism means that snow change with time due to the following processes: heat exchange
by radiation, convection and condensation or evaporation at the snow surface, melt or rainwater
percolating through the snow, snow pressure, temperature and water vapour variations and heat
exchange with the ground (USACE, 1956). Snow crystals change form and place toward each
other which in turn changes density. Layers of ice can be formed and permeability, diffusivity,
temperature and water-holding capacity changes. The procedure of metamorphism is often
referred to as ”ripening” of snow (ASCE, 1996).

Three types of metamorphism can be described within the snow pack. Temperature-gradient
metamorphism (TG) and equi-temperature metamorphism (ET) when snow is dry. Melt-freeze
metamorphism (MF) when temperature varies around 0° C (Nakawo and Hayakawa, 1998). TG
depends on temperature, water vapour flows from high to low temperature areas in the snow. ET
on the other hand is not temperature dependent. Vapour moves between concave and convex
surfaces because the curvature of the ice surface influences the amount of water vapour that can
be held above the surface. Finally MF occurs when fluctuations in temperature causes melting and
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refreezing. Small bonds and grains melt faster than larger ones and when refreezing, they build up
clusters and even larger grains.

3.5 Snowmelt-energy budget
Many studies of the energy balance involved in snowmelt has been conducted (e.g. Anderson,
1976) The energy equation is here expressed according to, Maidment (1992), and defines the
amount of energy available for snowmelt.

Q Q Q Q Q Q
dU
dtm n h e g a= + + + + − (4)

Qm = energy flux available for melt (W/m2)
Qn = net radiation flux absorbed by the snow (W/m2)
Qh = sensible energy flux due to temperature differences between air and snow (W/m2)
Qe = latent energy, comes from vapour pressure differences causing condensation or evaporation
(W/m2)
Qg = ground heat is energy exchanged by conduction between the ground and the snow (W/m2)
Qa = advective energy, comes from external sources such as rain (W/m2)
dU/dt = rate of change of internal energy per unit area of snow cover, U is often referred to as
negative heat storage (W/m2)

The energy balance of snow is, in Figure 1, applied on a control volume where the upper and
lower boundaries are the interfaces of snow-ground and snow-air respectively. Energy moves in
and out of this volume as radiation, convection, conduction and advection.

Figure 1: Energy fluxes of a control volume of snow during melt. (Maidment, 1992)

Fluxes that goes into the control volume are positive while those going out are negative. For the
snow to be in balance the sum of these energy fluxes must be zero.

Net
radiation

Sensible
energy

Latent
energy

Advective
energy

Ground heat
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When there is a positive quantity of energy, Qm, meltwater is produced and can be expressed as in
Equation 5.

M
Q

h
m

f water

=
⋅ ρ

(5)

M = daily snowmelt (m)
Qm = daily heat flux (kJ/m2)
hf = latent heat of fusion for ice (333.5 kJ/kg)
ρwater = density of water (1000 kg/m3)

Equation 5, is valid when the temperature of the snowpack has reached 0°C.
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4 Experimental method
In- and outgoing short-wave radiation, ablation and air temperature were measured at the site.
Albedo was compared between blackened snow surfaces and natural snow. Ablation was
measured on blackened and natural snow on both horizontal and south sloped surfaces.

4.1 Area description
A field close to Aurorum Science Park Luleå, in the vicinity of Luleå Technical University, was
chosen for the experiment. It is an open field where no buildings are so close that they could
interfere with the radiation equipment. A road is passing about 100 m away and a parking lot is
situated 50 m away. Thus the snow was affected to some extent by pollution from cars and buses.

To investigate the effect of radiation on tilted surfaces compared to flat surfaces, the south side of
a snow pile was also blackened with ash. The snow pile was within 200 m from the field where
radiation measurements were made. The side of the pile had a constant angle of 30° throughout
the melt period. When snow piles shrink, they keep there shape for almost the entire melt period
(Sundin, 1998). The pile consisted of compact, dirty snow gathered from roads and parking lots
nearby. Dirt was accumulated on the surface when the snow melted and blackened the snow. A
natural slope covered with snow, would have been the best for the experiment and the snow pile
was chosen only because time ran out and snowmelt started.

During the time of the experiment the suns maximum elevation varied between 28-37° above the
horizon.

4.2 Equipment and calculations
For the registration of radiation and air temperature a Campbell CR 10 data logger was used.
Values were collected every ten seconds and 10-minutes averages were stored.

4.2.1 Pyranometers
To measure the in- and outgoing shortwave radiation, so called pyranometers were used. The ones
applied during this project are manufactured by Kipp and Zonen and measure only short-wave
radiation.

They are composed of two receivers, one pointed upward and the other pointed downward. The
receiver has a black and a white surface so when exposed to radiation, the temperature difference
between them is recorded. The difference of temperature between the two surfaces is a function of
the amount of radiation (Josefsson, 1980). See Figure 2.

To avoid measuring longwave radiation, two glass hemispheres that work as filters protect the
receiving surface. They are transparent to visible light but work badly as transmitters for
ultraviolet radiation, and when it comes to infrared radiation with wavelengths larger than 2-5 µm
the glass is opaque. The glass hemispheres also protect the receivers from precipitation, wind, dust
and moist.



Increased melt rate due to wood ash on snow Chapter 4: Experimental method

Luleå University of Technology 10

Figure 2: One of the Kipp and Zonen pyranometers used for measurements

In order to stand steadily in the snow, the pyranometers were placed on tripods. The height was
adjustable and they were kept at approximately 0.7 m above snow surface. With a water level the
pyranometers were adjusted so that the receiving surface lay horizontally. This way, the incoming
solar radiation would not be disturbed by reflected radiation.

When there was no external reference for solar radiation available and for the fact that the gauges
were rather old, a calibration between all four receivers had to be done. After the experiment was
terminated the two pyranometers were put up beside each other and all four receivers were
calibrated in turn toward one another.

4.2.2 Air Thermometer
The thermometer was placed inside a cylinder. To avoid influence from radiation on the air
temperatures, the cylinder had a silver colour that reflected most of the radiation. A fan inside the
cylinder made sure that the air always was circulated and exchanged. The cylinder also protected
the thermometer from precipitation.

The instrument was tied to the stand, holding one of the pyranometers. The space between
cylinder and snow surface varied from 0.5 to 0.7 m.

4.2.3 Precipitation
Precipitation during the experiment was collected in a Swedish Meteorological and Hydrological
Institute (SMHI)-standard gauge, which was placed at the snow surface. Precipitation was
measured as the vertical depth in mm of water.
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4.2.4 Snow density measurements
Density must be measured to be able to calculate SWE. Two models of snow collectors were used
during this experiment. A long and slim tube (cylinder) with a sharp edge at the end, was used
initially. The tube had a diameter of 4.3 cm and length markings at the side. It was pressed down
through the snowpack and then carefully lifted up again still with the snow inside the tube. The
volume and mass of the snow sample were noted and density could be calculated.

At the end of the experiment, the snow changed its texture and it became hard on the surface but
very frail beneath. This lead to deformation of the snow inside the tube due to hard pressure, so
when trying to lift the tube up part of the snow content fell out again and the density could not be
defined. Instead a different tube was constructed, a shorter and much wider model with 16 cm in
diameter, so the impact on the snow from the walls would decrease. Samples were taken
horizontally along the ground from a hole dug in the snow and it worked well on all sorts of snow.

For both the horizontal and sloped area density was measured at four occasions. Between two and
four samples were taken at each occasion to give a better average value for the density.

4.2.5 Calculation of snow melt in Snow Water Equivalent
When calculating the ∆SWE due to melt, precipitation as snow must be counted for or else the
amount of melt will be underestimated. When it comes to rain its more complicated. When falling
on snow, rain will add positive energy to the snowpack but to such a small amount so it can be
neglected. Rain is already in liquid form and can either freeze when it penetrates into the snow
pack, go all the way through the snow or it can stay in the snow as water. Since some rain fell at
the end of the melt period, when night temperature were mostly above 0°C, the snow pack can be
assumed to not having a cold content at the time of rain fall. This means that no refreezing of
rainwater could take place. The snow to some extent probably sucks up the rainwater, while the
rest is flushed through the snow. The assumption is, for this experiment, that nothing was frozen.
The rain is therefore neglected when calculating the daily melt. Equation 6 describes the
calculations of daily melt in SWE.

∆SWE d d Pmelt
snow

water
snow

snow

water
snow snow= ⋅ − ⋅ −

ρ

ρ

ρ

ρ
,

,
,

,
0

0
1

1 (6)

∆SWEmelt = daily melt in SWE (m)
ρsnow,0 = initial snow density (kg/m3)
ρwater = density of water (1000 kg/m3)
dsnow,0 = initial depth of snow pack (m)
ρsnow,1 = snow density after one day (kg/m3)
dsnow,1 = depth of snow after one day (m)
Psnow = precipitation of snow in SWE (m)

4.3 Experimental account
At the horizontal field, an area was divided into four equal squares, each with the area of 3x3 m.
They were named from A to D and situated as Figure 3 shows.
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0.03 kg/m2

C
0.15 kg/m2

D
0.067 kg/m2

A
0 kg/m2

Figure 3: An overview at the test site and its concentrations of wood ash.

Square A was left in its natural state while B, C and D were blackened with wood ash of different
concentrations, see Figure 3. The content of the wood ash is seen in the Appendix. The albedo
was continuously measured, from incoming and reflected radiation, for the natural and the most
blackened snow. The pyranometer placed in square C could be swirled around to square B and
that was done four times during the period. Values of albedo for square B were taken in the
middle of the day when the sun angle was large.

The wood ash was spread on the horizontal areas early in the morning of March the 29, when the
snow was still cold. Buckets of 10 litres were used to mix dry snow and ash, approximately 5 litre
of dry snow was used. Then the mixture was spread evenly with a rake over the squares and the
result can be seen in Figure 4. In each square, a graded stick through the snowpack was used to
measure the snow surface level. Snow depth measurements were done every day around midday.

Figure 4: A picture showing the four horizontal squares A-D and one of the pyranometers. To
the left the precipitation gauge is seen.
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Three days later, April 1, the snow pile was prepared with two squares: one blackened with ash
and one left in a natural state, see Figure 5. The same concentration of wood ash was used as on
surface C, 0.15 kg/m2.

Figure 5: The sloped squares E and F on the south side of the snow pile.

In Table 3 the squares and their different concentrations of ash are summarised.

Table 3: Ash concentrations, surface elevation and date of ash application.

Square Concentration (kg/m2) Date of application
Horizontal A 0 29 March

B 0.03 29 March
C 0.15 29 March
D 0.067 29 March

Tilted E 0.15 1 April
F 0 1 April

4.4 Snowmelt modelling
It is important to predict snowmelt if preventive measures are to be put in against possible
flooding. Without a forecast on snowmelt, one can not know when during spring and where in the
basin area to put in the resources.

When trying to predict snowmelt one can use an energy budget or a degree-day approach. Energy
budget models requires besides the variables measured in this experiment also measurements of
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wind speed and relative humidity. Net longwave radiation must also be measured or estimated.
Since these variables were not measured due to shortage of time the easier method for predicting
snowmelt was used, namely the degree-day method.

4.4.1 Degree-day method
Equation 7 describes the degree-day method. Using this method, the only parameter needed is air
temperature and a degree-day factor.

Ms = DDF (Tair - Tsnow) (7)

Ms = snowmelt (mm/day)
DDF = degree-day factor (mm/°C,day)
Tair = daily average air temperature (°C)
Tsnow = threshold temperature (°C)

The threshold temperature value is usually set to 0°C and this assumption was used here. Only
when temperature has reached this threshold value, meltwater is assumed to be produced from the
snowpack. The degree-day factor in reality is not a constant but varies with season and depends on
factors such as albedo, shortwave radiation and longer daylight hours.

To calculate the degree-day factor, accumulated values for positive daily mean-values of
temperature are plotted against accumulated values of ∆SWE, calculated with Equation 6. The
slope of that resulting curve is the degree-day factor and most commonly one coefficient is let to
represent the entire period.

The degree-day factor can also be expressed according to Equation 8.

DDF
SWE P

T
snow

air
pos

=
+0 Σ

Σ
(8)

SWE0 = the snow covers initial content of SWE (mm)
ΣPsnow = accumulated precipitation of snow in SWE (mm)
ΣTair

pos = accumulated positive degree-days (°C,day)

The degree-day method uses the air temperature as an index for the melt rate. The method often
works very well due to correlation between air temperature, net short wave radiation, net long
wave radiation and humidity. However open areas exposed to wind are not suited for this method
because wind speed have no correlation to air temperature at all (Sand, 1990).
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5 Results
Measurements were conducted during almost one month, from 29/3 to 24/4. At one or two
occasions every day, the site and equipment were checked.

5.1 Measured parameters
Seven different parameters were measured and will be described in this chapter. These parameters
are solar radiation, air temperature, precipitation, albedo, density, depth of snow cover and snow
water equivalent.

5.1.1 Solar radiation
Radiation was measured in the unit of W/m2 and the daily incoming maximum intensity usually
varied from 300 up to peaks on more than 700 W/m2, see Figure 6. On April 15 the intensity was
down to 100 W/m2 because of the snow that fell and most likely covered the glass hemispheres.
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Figure 6: Incoming shortwave radiation for the period 29/3-24/4.

5.1.2 Air temperature
During the experiment, the majority of nights had air temperatures below zero and some as low as
-10°C. April had two cold periods, 4-6 and 11-13 of April, that had night temperatures around -10
°C and when day temperature never reach over 4°C. Daytime temperatures varied between 0°C
and +10°C, see Figure 7.
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Figure 7: Air temperature in °C during the period of 29/3-24/4.

5.1.3 Precipitation
The precipitation that fell during the measurements is listed in Table 4. Light drizzle was observed
at two other occasions, 6/4 and 19/4, but no measurable amounts of precipitation were collected.

Table 4: Precipitation during the period of 29/3-24/4, measured in mm of water equivalent and
separated into snow and rain.

Date Snow (mm) Rain (mm)
14/4 2.5
15/4 8.5 5.5
18/4 7.25

The total amount of precipitation during this period was 23.75 mm water equivalent. The snow
that fell on the 14:th and 15:th of May was very wet and heavy and when the temperature rose,
rain took over and the new-fallen snow on the snowpack melted very quickly.

5.1.4 Albedo
The results of albedo measurements can be seen in Figure 8.



Increased melt rate due to wood ash on snow Chapter 5: Results

Luleå University of Technology 17

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

29
-m

ar

30
-m

ar

31
-m

ar

01
-a

pr

02
-a

pr

03
-a

pr

04
-a

pr

05
-a

pr

06
-a

pr

07
-a

pr

08
-a

pr

09
-a

pr

10
-a

pr

11
-a

pr

12
-a

pr

13
-a

pr

14
-a

pr

15
-a

pr

16
-a

pr

17
-a

pr

18
-a

pr

19
-a

pr

20
-a

pr

21
-a

pr

22
-a

pr

23
-a

pr

24
-a

pr

Date

A
lb

ed
o

Natural snow
Blackened snow(C)
Blackened snow(B)

 *  
 *

*
 *

/  /  
/

* /
/  / 

/  /  /
/  /  /
/  /  /snow

rain

rain

Figure 8: Albedo for natural snow compared to albedo of snow blackened with 0.15 kg ash/m2

(square C), dots marking albedo for snow with 0.03 kg ash/m2 (square B). Days with rain and
snow are marked.

The albedo of the natural snow starts at 0.72 and at 0.37 for the blackened surface C (0.15 kg
ash/m2), see Figure 8. This means an albedo 50% lower for the area with highest concentration of
wood ash compared to natural snow. The albedo is lowered significantly during the first three days
since snowmelt had already started to some extent when the experiment was initiated. The natural
snow albedo continues to decrease throughout the melting period and ends up on 0.45 in albedo
before dropping to 0.14 in the last two days. It was snowing and raining at the 14:th and the 15:th
of April, so the peak in albedo can be explained by snow covering the upper glass envelope and
causing false values for incoming radiation.

Square B was blackened with a concentration of 0.03 kg wood ash/m2, which is one fifth of square
C. A somewhat higher value can be seen in albedo compared to square C. The albedo varies
between 0.33 and 0.43 while in square C, during the same time, it varies between 0.31 and 0.34.
The albedo is 35% lower for square B compared to natural snow and 15% higher than square C.

Due to snowmelt, ash moved down into the upper parts of the snow, the top 2 cm, and during this
movement it had a tendency to form small clusters. Ash particles showed no tendencies of moving
any further through the snow not even when rain fell. According to visual observations the
blackened horizontal surfaces did not brighten in colour at all. However the sloped surfaces did
get darker along the way due to dirty snow in the pile.

5.1.5 Density
Resulting values for the densities are listed in Table 5.
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Table 5: Density measurements of snow in unit kg/m3.

Horizontal area Sloped area
Date Density (kg/m3) Date Density (kg/m3)
29/3 245 1/4 x
4/4 306 9/4 520
12/4 379 19/4 492
19/4 422 20/4 559

At the horizontal area density started on approximately 250 kg/m3 and in the end of the snow melt
period it reached up to over 400 kg/m3. For the sloped area, the first density check failed, but the
rest indicate a fairly stabile value around 500 kg/m3.

5.1.6 Depth of snow cover
Snowmelt had just begun when the measuring started, see Figure 9.
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Figure 9: Snow depth in cm over time for sloped versus horizontal areas.

The blackened horizontal surfaces melted in ten and twelve days, while the natural snow took 25
days to melt. The ablation rates for the blackened squares were between 85-125% greater than for
natural snow. For the sloped surfaces there is a difference in ablation rate of only 50%. In Table 6
all ablation rates are listed. Ablation rates for the period of 2/4-8/4, when measurements were
going on in all squares, have been calculated so direct comparisons can be made between
horizontal and sloped areas.
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Table 6: Ablation rate for natural and blackened snow on horizontal and sloped areas.
Precipitation as snow was added when calculating the ablation rate, while the effects of rain were
neglected.

Square and conc. of ash
(kg/m2)

Ablation rate (cm/day) Increase in ablation rate
towards natural snow (%)

Full melt-period 2/4-8/4 Full melt-period 2/4-8/4

Horizontal A - 0 2.6 2
B - 0.03 4.8 5.1 85 155
C - 0.15 5.9 5.3 125 165
D - 0.067 5.1 5.3 95 165

Tilted E - 0.15 6.6 8.7 50 110
F - 0 4.3 4.1

Snow pile measurements were concluded at the 25 of April. To compare the ablation rate between
sloped and horizontal snow, we look at the period 2/4 to 8/4. The increase in ablation rate for
sloped versus horizontal snow surfaces are, for natural snow 2 times higher and for blackened
snow, 1.6 times higher.

5.1.7 Snow water equivalent
In Figure 11, the accumulated melt for horizontal and sloped, natural and blackened surfaces are
shown. The accumulated melt is calculated with Equation 6. Melt rates in cm/day are listed in
Table 7.
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Figure 10: Melt in accumulated SWE for horizontal and sloped areas.

When looking at the accumulated melt its clear that the slope on 30°, give a much faster melt
compared with the horizontal area. A large difference is seen between sloped and horizontal
squares, both for blackened and natural snow. There is an increase between 70-100% for
blackened horizontal towards natural horizontal snow and a 55% increase on black sloped snow
against natural sloped snow.
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Table 7: Melt rate, given in SWE, for natural and blackened snow on horizontal and sloped
areas. Precipitation as snow was added when calculating the ablation rate, while the effects of
rain were neglected.

Square and conc. of ash
(kg/m2)

Melt rate (cm/day) Increase in melt rate towards
natural snow (%)

Full melt-period 2/4-8/4 Full melt-period 2/4-8/4

Horizontal A - 0 0.7 0.1
B - 0.03 1.2 1.3 70 1200
C - 0.15 1.4 1.4 100 1300
D - 0.067 1.3 1.4 85 1300

Tilted E - 0.15 3.4 4.5 55 105
F - 0 2.2 2.2

When looking at the period 2/4 to 8/4, the increase for sloped versus horizontal snow surfaces are:
for natural snow, 22 times as high and for blackened snow 3.2 times as high.

5.2 Degree-day method
Table 8 is a compilation of all degree-day factors, calculated with Equation 8. Between the dates'
2/4 and 8/4 snowmelt occurred in all squares at the same time and factors for that period are also
calculated, so comparisons directly can be made between the different conditions of melt.

Table 8: Degree-day factors calculated for all the different squares.

Square and conc. of ash Degree-day factor (mm/°C,day)
(kg/m2) Full melt-period 2/4-8/4

Horizontal A - 0 3.3 0.84
B - 0.03 5.7 8.5
C - 0.15 7.5 9
D - 0.067 6.0 8.7

Tilted E - 0.15 19.5 28.6
F - 0 12.8 13.6

With Equation 7 and these calculated factors the snowmelt was modelled and compared with the
measured melt during April. The result is seen in Figures 11,12,13 and 14.

5.2.1 Horizontal surface
For the natural snow the melt is very slow until the 15 of April when it increases fast. The
snowmelt period can be divided in early melt and late melt. This means that one DDF for the entire
period will not represent the melt well, as seen in Figure 11. Two cases are put in against
measured melt. Case 1, with DDF of 3.3 and case 2, with DDF 1.0 during the beginning of the
period (March 30 to April 15) and 5.7 during the end of the period (April 16 to April 23). The
simulation of snowmelt, with two DDF:s, matches the measured melt very well.
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Figure 12 shows the melt in square C, the horizontal snow surface with the highest concentration
of ash. A weakness in degree-day method when blackened snow is concerned is seen between 4/4-
6/4 when daily mean temperatures were below zero. No melt occurred according to degree-day
method but in reality solar radiation was high and melted the snow uninterruptedly, due to the low
albedo. Both before and after the cold period, the model overestimates the melt compared to the
measured melt.

5.2.2 Sloped surface
In Figure 13, we can see that the sloped, blackened snow surface has the same pattern as seen for
square C in Figure 12.
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Figure 12: Accumulated SWE melt for square
C compared with predicted melt using the
degree-day method.
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Figure 11: Accumulated SWE melt for square A
compared with predicted melt using the degree-
day method.

0

100

200

300

400

500

600

700

800

900

30
-m

ar

31
-m

ar

1-
ap

r

2-
ap

r

3-
ap

r

4-
ap

r

5-
ap

r

6-
ap

r

7-
ap

r

8-
ap

r

9-
ap

r

10
-a

pr

11
-a

pr

12
-a

pr

13
-a

pr

14
-a

pr

15
-a

pr

16
-a

pr

17
-a

pr

18
-a

pr

19
-a

pr

20
-a

pr

21
-a

pr

22
-a

pr

23
-a

pr

Date

A
cc

um
ul

at
ed

 S
W

E
 (

m
m

)

measured

degree-day

0

100

200

300

400

500

600

30
-m

ar

31
-m

ar

1-
ap

r

2-
ap

r

3-
ap

r

4-
ap

r

5-
ap

r

6-
ap

r

7-
ap

r

8-
ap

r

9-
ap

r

10
-a

pr

11
-a

pr

12
-a

pr

13
-a

pr

14
-a

pr

15
-a

pr

16
-a

pr

17
-a

pr

18
-a

pr

19
-a

pr

20
-a

pr

21
-a

pr

22
-a

pr

23
-a

pr

Date

A
cc

um
ul

at
ed

 S
W

E
 (m

m
)

measured

degree-day

Figure 14: Accumulated melt in SWE for
square F compared with calculated melt using
degree-day method.

Figure 13: Accumulated melt in SWE for
square E compared with calculated melt using
degree-day method.
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At two occasions when daily mean temperatures are below zero, namely 4/4-6/4 and 11/4-13/4,
degree-day method registers no melt. Measured melt shows instead an increase in melt because
solar radiation was higher than normal during both these periods. Before, between and after these
cold periods the model overestimates the melt, same as seen for the horizontal, blackened square.

Degree-day method matches the measured melt better for the sloped, natural snow surface, see
Figure 14. The first cold period (4/4-8/4), show a decrease in both measured and modelled melt
for square F. The second cold period (11/4-13/4), show no decrease for the measured values as
the first, probably because of dirt that surfaced on the snow pile.
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6 Discussion
For natural snow albedo decreased from initial 0.72 to a final value of 0.2. During the larger part
of the melt period the albedo had a value between 0.55 and 0.60. This can be compared with
albedo values given by USACE (1956): for fresh snow 0.8, at onset of melt 0.6 and for old wet
snow 0.4. Bengtsson and Westerström (1992) measured an albedo of 0.5 for a suburban snow
cover, during melting in Luleå, April 1980. Shallow snowpacks are known to have albedo around
0.2 (Lundberg, 1979). Through the last snow layer the ground shines through and affect the
albedo. Incoming short-wave radiation penetrates the snow through an ”active” layer of 2-4 cm
and absorption increases due to the ground (O’Neill and Gray, 1972). This ”active” layer also
indicates that even if ash particles are flushed down into the surface layer along with percolating
meltwater, they will still affect the albedo.

For the most blackened snow, square C with 0.15 kg ash/m2, albedo decreased from initial 0.37 to
a final value of 0.2, with an average of 0.3. Compared with natural snow it's a decrease in albedo
by 50%. Square B, the less blackened surface with 0.03 kg ash/m2, had a slightly higher albedo of
approximately 0.38. A 35% decrease in albedo compared with natural snow. These albedo values
can be compared with snow covers in parks in town areas, which during melt vary between 0.17
and 0.5 (Bengtsson and Westerström, 1992). Snow near roads, at the end of the melt period, has
albedo values of 0.1-0.3 (Semádeni-Davies, 1999). Göke (1998), measured a 53% lowering of
albedo for snow with 0.067 kg ash/m2. Conway et al. (1996), had a 30% lowering for snow with
0.0167 kg ash/m2 and a 50% lowering for snow with 0.067 kg ash/m2.

No albedo measurements were conducted on the south slope of the snow pile. Instead eight paper-
squares with an increase in grey tone, from white to black, were used to compare the colour
between the blackened snow. The black surface is estimated to have had an albedo between 0.2
and 0.3. The white surface probably had a higher albedo to start with, 0.5 and then it decreased
down to about 0.3. During melt the white snow became more and more grey from the dirt and
gravel in the snow pile. After two weeks of melt it had the same grey colour as square B,
blackened with 0.03 kg ash/m2. Semádeni-Davies (1999) measured albedo for downtown snow
piles to 0.2 and Bengtsson and Westerström (1992) measured values from 0.15 to 0.19. Sundin
(1998) estimated the albedo of snow deposits, in Luleå, during the first weeks of melt to vary
between 0.2 and 0.5. In the later stages of melt she estimated the albedo to 0.1, close to the albedo
of grey, moist soil, which is 0.08.

Increase in ablation rate for the horizontal blackened snow squares compared to natural snow vary
between 85% and 125%. Göke (1998), showed similar results and used almost the same
concentrations of ash. Snow with 0.03, 0.067 and 0.10 kg ash/m2 gave respectively 79, 95 and
138% of increase in ablation rate. Conway et al. (1996), show a value of 50% increase in ablation
rate for snow with 0.0167 kg ash/m2.

Ablation rate increased with only 50% for the black sloped square versus natural snow. A sloped
snow surface is more influenced by short-wave radiation, since the beam hits the surface more
perpendicular. After half the period of observing melt on the tilted surface, the ablation rate of the
two squares seems to even out. This is most likely due to the fact that the snow, which was meant
to be in a natural, white state, became more and more blackened from dirt and gravel that melted
out from the snow pile. The snow in the pile came from roads and parking lots nearby. After nine
days a visual check showed that the natural snow on the pile, had a grey nuance close to the one
on square B, with 0.03 kg ash/m2. If ablation rates instead are calculated only between 2-8 of
April, the ablation rate becomes 110% higher for square E. This probably corresponds better to
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blackening of snow on a natural slope instead of on a snow pile. The same discussion also applies
for the melt rate, measured in SWE.

Differences in albedo and ablation rate between snow with various concentrations of ash and
towards natural snow are obvious. However, one conclusion is that a lower concentration of ash is
to prefer. Snow melted and gave bare ground 15 and 13 days before natural snowmelt on square
A. The amount of ash on the most bright square is only 20% and the second brightest 45% of the
ash on the darkest one. The ablation rates, on the other hand, are for square B 80% and for square
D 85% of the ablation rate for square C.
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Figure 15: Ablation rate plotted against concentration of ash.

The gain in melt is not in proportion to the amount of ash used, se Figure 15. Less ash can be used
and still a relatively high ablation rate is received.

Calculations of ∆SWEmelt were made according to Equation 6. This means that rain is neglected. If
the snow sucks up rain it will increase the density. Since density was not measured every day but
assumed to increase linearly through out the period, the density after rain and on other days can be
wrong, in between those days when density was measured. Calculations with a density to low or
to high leads to an over-, or underestimation of ∆SWEmelt. This means that daily values of
∆SWEmelt can be uncertain but the accumulated SWE values will not be affected.

In figure 16, accumulated melt in SWE is compared with the following parameters: incoming
shortwave radiation, albedo, temperature, wind speed and relative humidity. Wind speed and
relative humidity were measured by Swedish Meteorological Institute (SMHI), at Kallax airport
just outside Luleå (65°33’N 22°08’E). A clear connection is seen between high melt, low albedo
and high shortwave radiation. Melt of snow with high albedo seems to be more related to air
temperature rather than to radiation.
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Figure 16: Accumulated melts in SWE plotted against shortwave radiation, albedo, air
temperature, relative humidity and wind speed.
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Between 4-6 of April there is a peak in radiation values while air temperature has mean daily
values below zero. Square A shows no melting at all while melting takes place on all blackened
squares. There is a second period, 11-13 April, with low temperatures versus high radiation and
the same effect can be seen for the sloped squares. Between and after these two periods, radiation
decreases and so does melt on all blackened squares. Square A does not show increase in melt
until temperatures reach above zero degrees. The sloped white square, F, is affected by radiation
and melts continuously, even when temperature drops. Radiation with high incoming angle is
stronger than radiation with low angle.

The DDF for horizontal natural snow calculated over the melt period is 3.3 and fits well too
common values for rural snow. In the beginning of snowmelt the DDF usually varies between 1.5-
3 mm/°C,day and then increases with time. During rain it can vary from 2.5-9.0 mm/°C,day,
mostly depending on wind speed and on quantity of rain (ASCE, 1996). If separating early from
late thaw, the DDF of 1.0 and 5.7 respectively are retrieved. Measurements done by Westerström
(1981) gave a DDF of 1.7 for early melt and 6.5 for late melt in suburban areas. Bengtsson and
Westerström (1992), give a DDF value for suburban snow to 6.2 and for snow in a downtown
park to 8.6, during melt in Luleå in mid April. Square B and D, DDF of 5.7 and 6.0 are similar to
suburban snow during late melt, while square C with DDF of 7.5 is more comparable to dirty
downtown snow. The DDF:s for different ash concentrations on horizontal surface are rather
similar but much higher than the natural snow.

For the south slope on the snow pile there is a very high DDF of 19.5 for the blackened square E
and a somewhat lower value for square F of 12.8. These values are for the full melt period. Sundin
(1998) measured a DDF of 11 for piled snow in urban areas. The snow pile where square E and F
were situated consists of suburban snow and contains therefore cleaner snow than piles in urban
areas. This would indicate lower values than 11 for the DDF but instead they are higher. Ablation
measurements however were made for the south slope only (in this experiment), which is the side
of the pile that is mostly exposed to solar radiation and melts faster than the rest of the pile. Higher
values are so to be expected.

When comparing DDF:s during the period of 2/4-8/4, large differences are seen for snow between
horizontal and sloped surfaces, 0.84 towards 13.6 for natural snow and 9 towards 28.6 for black
snow. For the natural snow we see a distinct effect on snowmelt due to the slope of 30°. The melt
in square F is more even compared to square A, with one DDF representing the full melt period,
while for square A, two DDF:s are needed for a good match. In square A, wind and cold nights
are probably the cause for the low melt the first two weeks, while in square F that is compensated
for by the higher solar angel.

When comparing measured melt to melt calculated with the degree-day method, satisfying results
are seen for the natural snow but not for the blackened snow. The blackened, horizontal surface
melted for only nine days, so the observation period is very short and it is difficult to draw
conclusions about how well the degree-day method simulated the melt. As seen in Figure 12, the
method seems to overestimate the melt during warm periods and to underestimate it during cold
periods. From 3/4 to 6/4, the measured melt was approximately 50 mm while the degree-day
method calculated zero melt. It seems that solar radiation can not be neglected when blackened
snow is concerned. The degree-day method can be complemented with a separate term to account
for shortwave radiation and could perhaps match the measured melt better.
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7 Conclusions
The amount of wood ash spread on snow is not in proportion to the increase in ablation rate. The
increase in ablation rate is decreased with increased concentration of wood ash.

A horizontal snow surface blackened with 0.03 kg/m2 of wood ash leads to:

• decrease in albedo with 35%
• increase in ablation rate with 85%, from 2.6 to 4.8 cm/day
• increase in melt rate (in SWE) with 70%, from 0.7 to 1.2 cm/day for the full melting period and

with an increase on 1200%, from 0.1 to 1.3 cm/day for the period between 2/4 to 8/4.

A south slope of 30°, on a snow pile with urban dirty snow and blackened with 0.15 kg/m2, leads
to:

• increase in ablation rate with 50%, from 4.3 to 6.6 cm/day for the full melting period and with
110%, from 4.1 to 8.7 cm/day for the period of 2/4 to 8/4

• increase in melt rate with 55%, from 2.2 to 3.4 cm/day for the full melting period and with
105%, from 2.2 to 4.5 cm/day for the period between 2/4 to 8/4.

Degree-day factors during the entire melt period and for the horizontal snow surfaces with ash
concentration of, 0 and 0.03 kg/m2 are 3.3 and 5.7 mm/°C,day respectively.

Degree-day factors for the south slope on the snow pile, during the entire melt period, are 12.8
mm/°C,day for the untreated surface and 19.5 mm/°C,day for the surface with 0.15 kg ash/m2.

When modelling snowmelt, on a natural horizontal snow surface, with degree-day method, one
must consider early and late melt periods because the discrepancy of the DDF is large between
them. One DDF for the entire period leads to an overestimation of melt in the beginning and an
underestimation in the end. Melt calculated with degree-day method does not fit well to measured
melt for the blackened surfaces. A better fit, to the measured snowmelt, might be expected if the
degree-day method is complemented with a term to account for the solar radiation.
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Appendix: Content of the wood ash
The content of the wood ash used in this experiment is shown in Table 9. It comes from SCA
Ortviken AB in Sundsvall, a company producing printing paper out of wood. SCA incinerate bark
and wood chips mixed with oil and biological sewage sludge, to extract energy for their
production (Olsson, 1993).

Table 9: Content of wood ash, used in the experiment of this report and a compilation of 37
different wood ashes (Maurice and Lagerkvist, 1998). The content is expressed in mg/kg.

Substance Wood ash Compilation of 37 wood ashes Number of
SCA median min max ashes

Al 51 055 16 000 500 22 000 5
As <49 6 2.8 8.1 3
Ba 1260
Be <0.522
Ca 111 493 277 000 92 000 549 000 37
Cd 2.21 12 5 21.2 8
Co 7.62
Cr 51.2 34 16 55 8
Cu 46.7 163 52 320 37
Fe 43 715 10 000 500 27 000 24
Hg <0.196 0.06 0.004 0.44 4
K 18 097 30 000 11 000 122 000 37
La <5.22
Mg 8 503 24 000 10 000 53 000 33
Mn 6 815 12 000 5 000 23 000 32
Mo <5.22
Na 5 341 4 000 2 400 16 000 8
Nb <5.22
Ni 32.9 29 27 31 4
P 6 895 12 000 2 000 31 000 37
Pb 21 62 19 107 5
Sc 1.58
Si 95 357 93 000 55 000 190 000 19
Sn <20.9
Sr 330
Ti 1 379
V 26.9
W <20.9
Y 7.36
Zn 1110 1 130 137 6 000 29
Zr 47.5

The wood ash from SCA is considered to be a normal ash, apart from relatively high contents of
aluminium and mercury and somewhat enhanced percentage for arsenic (Olsson, 1993).


