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A model for the snow water equivalent derived from
stratigraphy observations in northern Sweden
Cecilia Johansson and Susanne Ingvander

ABSTRACT
A new parameterization of snow water equivalent (SWE) based on snow depth (HS) has been
developed from observations made in northern Sweden. When applying previous SWE
parameterization from the Alps on observations from northern Sweden, the SWE values are
systematically 20% lower. The new SWE parameterization is derived from a snow layer density
regression model using snow layer hardness and snow particle size. The model was evaluated with a
detailed ﬁeld reference dataset, and then applied to the long-term Abisko Scientiﬁc Research Station
stratigraphic snowpack dataset. The model enables a regional adjustment of snow layer density
values for northern Swedish conditions. The snow layer density model provides an accurate
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estimation of snow bulk density used to derive the SWE parameterization based solely on HS. Snow
depth observations are made on a daily basis; by applying our new parameterization, daily values of
SWE can be obtained for northern Scandinavian conditions, which can be used, for example, for
hydropower production planning and risk assessments.
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INTRODUCTION
The seasonal snow cover is usually described by its depth

(Armstrong & Brun ). The snow depth is altered by pre-

and density as well as spatial and temporal extent. The

cipitation, compaction and redistribution of snow due to

snow cover extent affects the albedo of the ground surface,

winds. The snow density of the layers within the snowpack

the snow depth and density governs the insulation capacity,

changes over the season, mainly due to changes in tempera-

and the snow density determines the permeability of the

ture and moisture in the snowpack, which alter the size,

snowpack (Gray & Male ). By combining snow depth

shape and bonding of the snow particles and thereby the

and snow bulk density, snow water equivalent (SWE) can

porosity of the snowpack. Snow density can also be altered

be estimated which gives information about the amount of

by wind compaction and overburden pressure (Anderson &

water stored in the snowpack (Armstrong & Brun ).

Benson ).

These three parameters (snow depth, snow density and

Being able to estimate the SWE is essential for the risk

SWE) show spatial variations depending on the synoptic

assessment of avalanche hazards and spring melt ﬂoods,

scale weather patterns (air temperature gradients, wind

for runoff monitoring and hydropower production planning.

and precipitation patterns), topography (Mellor ;

Observation of solid precipitation is known to be difﬁcult

Jaedicke et al. ; Geddes et al. ; Skaugen et al.

(Wolff et al. ). Observations using common rain

) and vegetation (Geddes et al. ). A clear example

gauges (e.g. Geonor precipitation gauge) will miss parts of

of the weather inﬂuence of snow depth and its temporal

the precipitation, especially during cold and high wind

and spatial variations over 50 years is given in Dyrrdal

speed conditions. Here, SWE can be seen as a cumulative

et al. (). In addition, the snowpack is subjected to

value of precipitation and the inﬂuence from weather (e.g.

change due to metamorphic and sublimation processes

redistribution due to wind). Furthermore, the structure of
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the snowpack (its hardness, depth, etc.) is important for

in order to determine the density of snow. They identiﬁed

grazing ability of animals. Many animals rely on scent to

a signiﬁcant correlation between snow layer hardness subdi-

localize food under the snowpack. The transport of scents

vided by snow particle size and snow density. In this study,

through the snowpack depends on the depth of the snow-

we have further developed their work by using both snow

pack and its structure. The snowpack creates a sheltered

hardness and snow particle size and their relation to snow

environment from the harsh winter conditions above for

density on a reference dataset sampled in Järämä, northern

plants and animals (Kausrud et al. ). As reported in

Sweden in 2009–2012 (Ingvander et al. ). The deter-

Johansson et al. (), the structure of the snowpack has

mined relations have then been applied to the bi-weekly

changed in northern Sweden since the mid-1990s, for

snow stratigraphy observations made at Abisko Scientiﬁc

example with increasing number of very hard snow layers.

Research Station (Abisko SRS) since 1961 ( Johansson

The snowpack with its depth and density insulates the

et al. ).

ground and inﬂuences the permafrost melt rate (Zhang

Jonas et al. () derived relationships for snow bulk

) and phenology. Thus, a change in the snowpack will

density and SWE (described below) based on snow depth

inﬂuence the permafrost beneath.

by exploring an extensive dataset from the Alps. Here, we

SWE gives an integrated value of the water content of

have applied the method from Jonas et al. () on our

the snowpack. Measurements of SWE in the ﬁeld can be

snow depth measurements from Abisko SRS and compared

cumbersome and require great effort (Lundberg et al.

the resulting snow layer density and SWE values. The results

). We therefore investigate the possibility of using

from Abisko SRS were then used to adjust the Jonas et al.

alternative measurements to capture variations of snow den-

() equation for snow density and SWE in order to

sity within the snowpack. By parallel measurements of

apply the method to a different geographical region.

multiple parameters (snow particle size, snow layer hard-

Abisko is considered a high latitude, low elevation and rela-

ness, snow density and snow depth), we can investigate

tively dry site. The Alp site in Jonas et al. () is located at

their relationship by linear regression analysis.

lower latitude, has larger elevation and larger amount of pre-

Snow density measurements are commonly performed
by weighing a known volume of snow. Detailed measure-

cipitation compared with Abisko. The snow depth is up to
three times as large as in Abisko.

ments can be obtained by using a snow cutter with a small

We hypothesize that the snow density is mainly gov-

volume (DeWalle & Rango ). By using this method,

erned by the porosity of the snow (the ratio between snow

the stratigraphy of the snowpack can be quantiﬁed (assum-

particles size and cavities of air in the snowpack) and the

ing that the individual snow layers in the snowpack are

snow layer hardness (the bonding strength between snow

thick enough for the snow cutter). Recently, a more sophis-

particles) (Bader et al. ; Pielmeier & Schneebeli ).

ticated method of measuring snow stratigraphy has been

By combining information on these parameters, it should

developed that utilizes the co-variation of physical snow par-

be possible to estimate the snow density. Hence, snow den-

ameters. For example, a snow fork (LK1001, TOIKKA AS,

sity is determined by correlating information on snow

Espoo, Finland) measures permeability which can be con-

particle size, which is affected by the level of metamorphism

verted to snow density. For a more general observation, a

in the snowpack, and snow layer hardness, which mirrors

snow corer can be used in order to determine the bulk

the bonding strength of the snowpack.

snow density of the entire snowpack and SWE (DeWalle

Implementation of the method can be used where there

& Rango ). As a non-intrusive method, a ground pene-

is a lack of either observed snow density or SWE values. Our

trating

snow

approach is based on the study by Geldsetzer & Jamieson

stratigraphy (Ingvander & Brown ). The result can

radar

system

can

be

used

to

study

(). In their study, they use a dataset of dry snow obser-

then be used for building empirical models of SWE (Sund-

vations from two sites, Columbia and Canadian Rockies

ström et al. ).

between 1993 and 2000. We will here test our hypothesis

Geldsetzer & Jamieson () investigated the possi-

on ﬁeld observations from Järämä (northern Sweden) and

bility of measuring alternative parameters of the snowpack

apply the model on the historical dataset from Abisko SRS
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in order to estimate snow layer density and SWE (which are

observer classiﬁed as an ice layer another observer classiﬁed

not measured at Abisko SRS).

as a layer with very high snow layer hardness. For this

Finally, we will compare the estimated SWE values with
a SWE estimation based solely on snow depth from Jonas

reason, these two classes are grouped together (R5 thus consists of both very high and ice layer observations).
The snow particle size was determined using visual

et al. ().

interpretation at Abisko SRS and in Järämä, by using digital
image interpretation. The two methods are compared in

METHODS

Ingvander et al. (). Snow particle size is, in the Abisko
SRS protocol, sampled in six classes (nuts (EN), peas (Ep),

In this paper, we use three sets of ﬁeld data: a reference data-

rice (ER), semolina (ES), ﬂour (EF) and ﬂakes (EFlake)). Inter-

set from three ﬁeld campaigns in Järämä, northern Sweden,

mediate classes sometimes occur in the Abisko SRS dataset:

a historical dataset from Abisko SRS and one dataset from

for example, EFS size between ﬂour and semolina and ESR

Abisko SRS including snow layer density observations.

size between semolina and rice. Snow density was measured

Abisko SRS is located in the Swedish mountain range

using a Toikka AS snow fork. An average value from three

(68 210 N, 18 490 E) and runs an extensive environmental

measurements in each layer has been used. The snow

monitoring programme (Jonasson et al. ). The snow stra-

layer density observations at Abisko SRS during spring

W

W

tigraphy dataset from Abisko SRS is described further in

2009 were obtained by weighing a ﬁxed volume of snow.

Johansson et al. (). The data used here consist of

For both the Abisko SRS and Järämä datasets, the snow

bi-weekly data of snow depth and snowpack properties

has been analysed by stratigraphic analysis where each

and cover the winters 1961/62–2013/14. In total, the

layer in the snow is documented separately. The stratiﬁed

Abisko SRS dataset consists of 524 snow stratigraphy pro-

analysis gives us detailed information on the snowpack

ﬁles and observations from 2,552 individual snow layers.

and the different parameters measured.

As a complement to the regular observations, snow layer

The Abisko SRS snow stratigraphy dataset has the

density observations were made at Abisko SRS during

advantage of being made at one site and covers a time

spring 2009 (observations from 14 snow layers). The refer-

span of more than 50 years, but snow information on den-

ence dataset was sampled at Järämä (67 530 N, 21 570 E)

sity is missing (except during spring 2009). The reference

in 2009, 2011 and 2012 and consists of 20 stratigraphy pro-

dataset is smaller, but contains measured snow layer

ﬁles with a corresponding 101 individual snow layers. The

density in addition to the stratigraphy observations. Modi-

dataset and site are described in Ingvander et al. ()

ﬁcation of the method in Geldsetzer & Jamieson (),

where the methodology of snow particle size analysis from

based on data from the reference dataset, will enable

Abisko SRS was compared with other existing methods

snow layer density estimations from the Abisko SRS data.

(Fierz ; Ingvander et al. ).

From snow layer density, SWE values can be calculated

W

W

In the Abisko SRS dataset, the snow hardness and snow
particle size are registered. In Järämä, these two parameters

given estimates of thickness of all individual layers (ΔHS)
in the snowpack.

are registered together with snow layer density. This allows
us to study the relationship between the morphology par-

Snow layer density calculations

ameters and the snow density. The snow hardness was
sampled manually by pressing the wall of the snow pit

Geldsetzer & Jamieson () presented a method to esti-

using a pen (hard), ﬁnger, ﬁngers and ﬁst (soft) (Fierz

mate snow density from observations of snow layer

2009). In the Abisko SRS sampling protocol, there are six

hardness and snow particle size. For observations in a

classes of snow layer hardness (large cavities (R0), very

given snow particle size class they determined how the

low (R1), low (R2), medium (R3), high (R4), very high þ

snow density varied with snow layer hardness. Following

ice hard layer (R5)). A snow layer can also be classiﬁed as

the method suggested in Geldsetzer & Jamieson (),

an ice layer. But, analyses have shown that what one

snow layer density for a given snow particle size class is
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values from individual snow layers

using linear regressions.
ρsnow ¼ kE  Ri þ mE

(1)

where ρsnow is the snow layer density. In the regression, the

SWE ¼

n
X
i¼1

ΔHSi 

ðρsnow ΔHS Þi
ρwater

(3b)

Here, i is a number from 1 to the maximum number of

snow layer hardness classes have been given an index value

individual layers (n) in the snowpack. Equation (3b) speciﬁ-

Ri (R0 ¼ 1–R5 ¼ 6); kE and mE are regression coefﬁcients for

cally takes the internal variations of the snow density within

a given snow particle size class. Note that the regression

the snowpack into account when estimating SWE.

model is based on the index values (quantitative values on

Another common way to estimate SWE is to use bulk
snow density, which, for example, can be approximated

hardness are not needed).
However, we hypothesize that snow layer density would

from total snow depth. The expression is then multiplied

be more accurately estimated if the variation of snow layer

by snow depth to estimate SWE. An example of this can

hardness with snow particle size were investigated (i.e. in

be found in Jonas et al. ().

reverse order compared with Equation (1)). This hypothesis
is based on the fact that snow particle size is sensitive to the

ρsnow bulk Jonas ¼ 60:1  HS0:89 þ 237

(4a)



SWEJonas ¼ 60:1  HS0:89 þ 237  HS

(4b)

metamorphic processes altering the snowpack properties
(Sommerfeld & LaChapelle ). Therefore, we have modiﬁed Equation (1) based on our hypothesis and propose
Equation (2) where snow layer density for a given snow
layer hardness class is estimated from its observed snow
particle size class, using linear regressions.
ρsnow ¼ kR  Ei þ mR

RESULTS
(2)

where Ei is the snow particle size index (from EN ¼ 1 to
EFlake ¼ 6) and kR and mR are regression coefﬁcients for a
given snow layer hardness class.

Snow layer density, reference dataset
Following Geldsetzer & Jamieson (), snow density can
be estimated using Equation (1). The results from our reference dataset are shown in Figure 1(a) and the corresponding
regression coefﬁcients are listed in Table 1(a). As can be

SWE calculations

seen, all lines except one have a positive slope and are closely grouped to each other. Figure 1(b) and Table 1(b)

SWE is deﬁned as (DeWalle & Rango )

show the corresponding results for snow density using
Equation (2). As can be seen for snow layer hardness

ρ
SWE ¼ HS  snow
ρwater

(3a)

R4–R5 (hard snow layers), the snow density is increasing
with increasing snow particle size index, and for snow
layer hardness R0–R3 (softer snow layers), the snow density

3

where ρwater ¼ 1,000 kg/m

and HS ¼ snow depth

in

is decreasing with increasing snow particle size index.

m. SWE values are here presented in units of mm and

The signiﬁcance values (p-values) of the determined

thus the results from Equation (3a) are multiplied by

regression coefﬁcients are listed in Table 1. For Equation (1),

1,000. Since the total snow depth is used in Equation (3a),

the regression coefﬁcient kE for classes of larger snow par-

the corresponding snow density is the bulk snow density.

ticle sizes (EN – ESR) are not as well determined (p < 50%)

If the snow density of each individual layer is

as for the classes including smaller snow particle sizes

known, SWE can be obtained by summarizing SWE

(ES – EF) (p  95%). This result is most likely linked to the
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Result from the reference dataset. (a) Snow layer density (ρsnow) plotted against snow layer hardness index (Ri) for each snow particle size class (E) (see ﬁgure legend). Each line
represents a linear regression for each E class. The regression coefﬁcients for line EP – EFlake are listed in Table 1(a). (b) Snow layer density plotted against snow particle size
index (Ei) for each snow layer hardness class (R) (see ﬁgure legend). Each line represents a linear regression for each R class. The regression coefﬁcients for lines R0–R5 are listed
in Table 1(b).

uneven distribution of the number of observations within

determined. For Equation (2), the signiﬁcance for the

each snow particle size class. Within the snow particle

regression coefﬁcient kR are all above 50% (R1, R2 and R4

size class EFlake, no regression line could be determined

p  99%) except snow layer hardness class R0, i.e. the

since observations were only available for one snow layer

change in sign, slope of the regression lines from softer to

hardness class (R1). Instead, an average value mE was

harder snow layers are well determined. The slightly lower
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Regression coefﬁcient (k and m), correlation coefﬁcient (R 2), standard deviation of regression coefﬁcients (σk and σm’ (determined at the centre of the distribution)), signiﬁcance
level (p) of regression constants, and number observations for calculating snow density with (a) Equation (1) and (b) Equation (2); see Figure 1(a) and 1(b), respectively

Snow particle size (E)

kE

mE

R2

σkE

σmE

p level of kE (%)

80

0

p of mE’ (%)

Number of observations

(a)
EN

–

–

–

–

EP

0.0098

0.3580

0.49

0.0071

0.0136

ER

0.0073

0.2944

0.01

0.0152

0.0168

99.9

4

99.9

31

0.0056

0.2047

0.06

0.0157

0.0131

99.9

4

ES

0.0294

0.2119

0.11

0.0132

0.0169

95

99.9

44

EFS

0.1512

0.3998

0.01

0.0467

0.0202

99

99.9

4

EF

0.1196

0.1382

0.83

0.0180

0.0247

99.9

99.9

5

EFlake

–

–

–

0.0126

70

4

R2

σkR

σmR

p level of mR’ (%)

Number of observations

99.9

3

99.9

25

ESR

Snow layer hardness (R)

kR

0.1700
mR

0

p level of kR (%)

(b)
R0

0.0639

0.4678

0.08

0.2165

0.1021

R1

0.0533

0.4877

0.40

0.0136

0.0164

99.9

R2

0.0879

0.6016

0.08

0.0283

0.0158

99

99.9

30

R3

0.0482

0.5002

0.08

0.0389

0.0253

70

99.9

19

R4

0.1189

0.1318

0.45

0.0363

0.0234

99

99.9

15

R5

0.0503

0.2502

0.09

0.0706

0.0588

50

99.9

7

When modelling snow layer density the regressions will be applied for all index values except for snow layer hardness class R4 in Equation (2). There, the regression line is not applied for
snow particle size index 1 and 2 (corresponding to EN and EP).

signiﬁcance level for kR for snow layer hardness class R3 is

values in the range of less than 200 kg/m3. A comparison

not unexpected since the regression line changes sign from

of the average values of snow layer density using Equations (1)

negative slope in R0–R3 and positive slopes for R4 and

and (2) calculated from the reference dataset show very

R5. However, the p-values for mR’ (determined at the

little difference (306.2 kg/m3 compared with 307.5 kg/m3).

centre of each distribution) are high p  99% (especially

That means that the distributions between the modelled

important for R3 since the slope of the regression line is

results will be different but not the average value.

weak) for all snow layer hardness classes. The low p-value
for snow layer hardness class R0 is most likely due to the

Snow layer density, Abisko SRS data

low number of observations.
By applying Equations (1) and (2) with coefﬁcients from

When applying Equations (1) and (2) on the Abisko SRS

Table 1(a) and 1(b) on the reference dataset (101 data

dataset (2,552 data points) in order to estimate snow layer

points), a modelled value of the snow density is obtained

density, the difference in performance between the two

(ρsnow

and ρsnow

see Figure 2.

models is large (see Figure 3). The snow density values mod-

The correlation coefﬁcient and linear regression between

elled by Equation (2) result in a distribution that is normally

observed and modelled snow layer density show very little

distributed (except for snow density >600 kg/m3 which cor-

difference using the two equations (Figure 2(a) and 2(b)).

responds to snow layers with hardness classiﬁed as very

A comparison of the distributions of modelled and observed

high or as a layer of ice (R5)). The shape of the distribution

snow density indicates slightly too many values in the range

compares well to previous snow density distributions deter-

mod Equation1

mod Equation2),

3

300–400 kg/m using Equation (1) (see Figure 2(c)). Both

mined from observed values (Jonas et al. ). The result

equations seem to give a too low number of snow density

on snow layer density modelled by Equation (1) is far from
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Result from the reference dataset: (a) modelled snow density using Equation (1) with regression coefﬁcients from Table 1(a), and (b) using Equation (2) with regression coefﬁcients from Table 1(b) compared with the observed snow layer density. The solid lines show the linear regression lines. The regression constants are all determined with
p-values 99.9%. (c) Distributions of modelled and measured snow layer density modelled using Equation (1) and (d) using Equation (2).

Figure 3

|

Distribution of snow layer density calculated with data from Abisko SRS using (a) Equation (1) and (b) Equation (2) for each individual snow layer; (a) consists of 2,362 observations (190 missing data); (b) consists of 2,537 (15 missing data).

being normally distributed, and gives a peak in the range
3

in the snow density distribution compared with Jonas et al.

300–400 kg/m . This tendency was indicated, but not as

() is that in the Abisko SRS dataset, layers with very

clear in the reference dataset (Figure 2(c)). One difference

high hardness/ice hard layers (R5) are included, which are
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needed for a full description of the snowpack stratigraphy. A
full description will be needed for further calculation of
SWE values (using Equation (3b)).
Another difference between the two equations, which
can be hard to see from Figure 3, is the number of missing
data points (i.e. conditions when snow density data cannot
be calculated). Both equations need simultaneously observations of snow particle size and snow layer hardness. If
either is missing, this automatically leads to missing data.
Nevertheless, applying Equation (1) leads to missing data
in 7% of the observations, whereas Equation (2) gives missing data in less than 1% of the observations. This can be
attributed to the limited ranges of snow particle sizes in
the reference dataset, which has larger impact on Equation (1).

Figure 4

|

Distribution of SWE for snow proﬁles from Abisko SRS stratigraphy data using
Equation (3b) with snow density modelled by Equation (2), SWEEquation2. In total
512 proﬁles (missing data for 12 proﬁles).

In the reference dataset there are no observations of the
snow particle size nuts (EN); hence, no regression estimation
for this size class was possible. When using Equation (2), the
regression lines have been extrapolated and the equation
has been used for EN for all classes except snow layer hardness R4 (Table 1).
A comparison of observed snow layer density made at
Abisko SRS (spring 2009) with modelled snow density
values with Equations (1) and (2) show that Equation (1)
tends to give higher snow density values than Equation
(2). The root mean square deviation from observed snow
layer density using Equation (1) is 80.8 kg/m3 and with

(). The SWE range covered is however different which
is due to the different snow depths (maximum 1.2 m at
Abisko SRS, and 3 m in Jonas et al. ()).
When comparing SWEEquation2 values from Abisko SRS
estimated from snow layer density and snow layer thickness
(previously shown in Figure 4) with SWE values calculated
from HS Equation (4b), it is clear that the SWE values are
lower by the Jonas et al. () method (Equation (4b); see
Figure 5). The correlation coefﬁcient between the two

Equation (2) 59.4 kg/m3. The mean values are signiﬁcantly
different from each other on a 95% conﬁdence level.
Our conclusion is that Equation (2) gives a better estimation of the snow density both concerning values and
reliability. In the following calculations only results using
Equation (2) will be shown.
SWE
SWE can now be estimated for the Abisko SRS dataset,
using Equation (3b), in the following referred to as
SWEEquation2. Figure 4 shows the distribution of calculated
SWEEquation2 values. It is worth noting that a SWE

Equation2

value is obtained for 98% of the observed snow proﬁles in
the Abisko SRS dataset, taking into account that snow density values are needed for all layers in the snowpack. The
shape of the distribution is slightly skewed toward lower
values, and again the shape is very similar to Jonas et al.
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() expression to the data (Equation (6b)).

values determined from Equation (4b) are systematically
20% lower.

SWEAbisko SRS linear ¼ 338  HS  4:1

(6a)

SWEAbisko SRS ¼ ρsnow bulk Abisko SRS  HS


¼ 60:1  HS0:89 þ 292  HS

(6b)

Using the Abisko SRS dataset, it is possible to calculate
a best estimate of bulk snow density (ρsnow bulk) based on the
stratigraphy observations resulting in SWE Equation2. Figure 6(a)
shows the bulk snow density at Abisko SRS obtained from
the calculated SWE

Equation2

and corresponding HS obser-

vations. Also, shown is a linear regression ﬁt Equation (5a)

As a consequence of the lower snow bulk density values

to the data and the bulk snow density calculated with

obtained by Equation (4a), the SWE values from Equation

Equation (4a) from Jonas et al. (). The scatter of snow

(4b) are also lower. The root mean square error for Equation

density in the Abisko SRS data is of the same order as in

(4b) compared with SWE

Jonas et al. (), but the average value is consequently

Equation (6b) reduces to 21.0 mm.

Equation2

is 31.7 mm and by using

higher. Equation (5b) shows the regression line for
ρsnow

bulk Abisko SRS

expressed in a power curve as in Jonas

et al. ()

DISCUSSION
ρsnow bulk Abisko SRS ¼ 41:2  HS þ 306:9

(5a)

ρsnow bulk Abisko SRS ¼ 60:1  HS0:89 þ 292

(5b)

By modifying and combining the methods developed by
Geldsetzer & Jamieson () and Jonas et al. (), an
expression for SWE at Abisko SRS has been derived
(Equation (6)), which in turn is based on Equation (2) for

Based on snow layer density of the individual snow

modelling snow layer density.

layers, Figure 6(b) shows the estimate of snowpack SWE

From a statistical point of view, Equation (2) and its

for the Abisko SRS dataset, and its variation with snow

regression coefﬁcients are determined with a higher accu-

depth. The dashed line shows SWEJonas (Equation (4b)),

racy compared with Equation (1). Starting with the

the solid line a linear regression to the data (Equation

reference dataset (used to calibrate the regression models),

(6a)), and the thick line is an adjustment of the Jonas et al.

the results on snow layer density are very similar comparing

Figure 6

|

(a) Dots show bulk snow density derived from SWEEquation2 and corresponding total snow depth (HS) plotted against snow depth. The solid thick line is a linear ﬁt to the data,
Equation (5a), determined with p-values 99.9%. The dashed line is the bulk snow density from Jonas et al. (2009), Equation (4a). (b) Dots show SWE Equation2 plotted against HS
and the solid thin line is a linear regression ﬁt to the data, Equation (6a), determined with p-values 99.9%. The dashed line shows SWE calculated according to Jonas et al.
(2009), Equation (4b). The thick line is an adjustment of the Jonas expression to best ﬁt the Abisko SRS SWE data (Equation (6b)).
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Equations (1) and (2) (see Figure 2). Both equations result in

snow layer hardness. According to Colbeck (), the num-

fewer numbers of observations than observed in densities

bers of bonds between snow particles inﬂuence the hardness

3

below 200 kg/m . Hence from this point it is difﬁcult to

of the snow layer. The snow particle size on the other hand,

say which equation gives the best results. A formal vali-

for a given hardness, inﬂuences the pore space in the snow

dation of the model is currently only possible for a limited

layer, and thus the snow density. That is, we argue that

dataset. The root mean square deviation is reduced by

Equation (2) takes the physical processes within the snowpack

3

by using Equation (2) compared with using

into account in a better way than Equation (1). A general

Equation (1). Even though the dataset is small it gives an

weakness in regression models can be that temporal develop-

indication that Equation (2) gives a better result.

ment is not taken into account. By developing a model based

20 kg/m

A comparison of results from Equations (1) and (2)

on six different classes, temporal changes in the snowpack will

applied to the large Abisko SRS dataset shows a large differ-

be captured. For example, if rain falls on snow and refreezing

ence in snow density distribution (see Figure 3). Equation (1)

occurs, hard layers may form inside the snowpack. As long as

results in a large number of values in the range 300–400 kg/m3

the change in snow layer property is observed (for example

(Figure 3(a)) giving a distribution with a distinct peak,

that a layer has become harder) modelled snow layer density

whereas Equation (2) gives a distribution (Figure 3(b)) that

will also change. Since the models are based on the behaviour

3

is normally distributed up to densities 600 kg/m , compar-

of a given class of either snow particle size (Equation (1)) or

able to the shape of snow density distribution presented in

snow layer hardness (Equation (2)), temporal changes within

Jonas et al. ().

the snowpack properties and hence the change in snow

With Equation (1), the resulting regression model (see lines

layer density will be captured by the models.

in Figure 1(a)) is similar to Geldsetzer & Jamieson (), but

Our best estimate of SWE from Abisko SRS is given by

our snow density values are higher (as also seen compared

ﬁrst modelling the individual snow layer density by Equation

with Jonas et al. ). Whether this is due to the location of

(2), and then calculating SWE by Equation (3b). The shape of

the observations (Geldzetser and Jamieson’s observations are

the distribution of SWEEquation2 looks similar to the SWE dis-

made in Purcell, Selkirk, Monashee, and Rocky Mountain

tributions in Jonas et al. () (their Figure 2(a)).

Ranges in western Canada) resulting in different snow density

A less detailed way to estimate SWE is to use a bulk snow

values compared with those at Abisko SRS, or the fact that they

density value. When applying Equation (2) to the Abisko SRS

use average values in their model, is difﬁcult to say.

dataset we obtain consequently larger bulk densities

For Equation (1) our reference dataset has a limitation.

than when using Equation (4a) from Jonas et al. () (see

When using Equation (1), where snow density is correlated

Figures 5 and 6(a)). A comparison of average snow layer

to snow hardness, subdivided by snow particle size, there is

values from Equations (1) and (2) does not indicate that

no separation in the size class EFlake. All observations have

Equation (2) on average gives larger values than Equation

the same hardness, very low (R1). The result of this is more

(1) (seen from both the reference and Abisko SRS dataset).

missing data from Equation (1) compared with Equation (2).

That means that the higher values are not likely to be

In general, Equation (1) gives increasing snow layer density

caused by the choice of regression model. Rather these sys-

with increasing snow layer hardness index, with some slight

tematically larger values are probably due to the different

modiﬁcations depending on snow particle size (Figure 1(a)).

geographic settings between Abisko and the Alps. Abisko is

Equation (2) on the other hand shows that snow density of a

located at low elevation (388 m above sea level (a.s.l.)) and

soft snow layer is decreasing with increasing particle size

high latitude (67 degrees north). The snow depth is generally

index (corresponding to decreasing snow particle size up to

lower in Abisko because it is situated in a rain-shadowed

EF) and that snow density of a hard snow is increasing with

region behind the Scandinavian mountain range (Kohler

increasing particle size index (see Figure 1(b)).
Equation (2) agrees well with the system established by

et al. ). Our best estimation of SWE is based on individual
layers, and both the reference and historical Abisko SRS data-

Bader et al. (), linking 12 types of snow with different

sets are from the same region (100 km between the ﬁeld sites)

metamorphic and transformation states, to particle size and

and we thereby have a solid dataset for locally adjusting the
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Jonas et al. () equation. The Jonas et al. () equation,

campaigns, the Swedish Polar Research Secretariat, and

Equation (4b), has thereby been adjusted into an Abisko-

the staff at Abisko SRS. The project was funded by

corrected SWE equation (SWEAbisko SRS), Equation (6b).

Swedish National Space Board (D70/07:1-2, D116/09:1-2,
139/10:1) and the Research Council of Norway (216434;
headed by Jarle W. Bjerke). We would also like to thank

CONCLUSIONS

Hans Bergström for valuable discussions.

A regression model for snow layer density based on snow layer
hardness and snow particle size has been developed. The snow
layer density values have been used to develop a SWE
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