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Intro duc tion
Field mea sure ments form the basis of
snow data from west ern North Amer -
ica, where moun tain ous topog ra phy
often makes acquir ing remote data
prob lem atic. Field data are used to
deter mine peak snow water equiv a -
lent, assess flood haz ard level, pre dict
water sup ply, and ground-truth
remotely acquired val ues of snow
depth, snow den sity, and snow water
equiv a lent (SWE). Mea sur ing and
under stand ing snow pro cesses require
meth ods that are known to be accu -
rate and reli able over a range of
con di tions. How ever, few stud ies have

eval u ated the accu racy and com pa ra -
bil ity of field-based snow-sam pling
meth ods (e.g., Goodison 1978; Woo
1997). While pre vi ous stud ies have
focused mainly on long-term, unat -
tended instal la tions such as snow
pil lows or weigh ing lysimeters (e.g.,
Lundberg and Halldin 2001), this
study focused on man ual point mea -
sure ments of snow den sity. 
Point snow mea sure ments are often
col lected using snow tubes (e.g., Fed -
eral, Adirondack, ESC) to obtain
depth, bulk den sity, and SWE mea -
sure ments. How ever, detailed snow
pro files can also be sam pled using a

com bi na tion of handheld den sity cut -
ters and visual anal y sis to pro vide
high-res o lu tion data of ver ti cal vari a -
tions in snow den sity, crys tal struc ture, 
and SWE.
This pilot study assessed the accu racy
of both handheld den sity cut ters
(Snowmetrics and SnowHydro) and
snow tube (Fed eral) tech niques by
com par ing each method to a con trol
sam ple. Mea sure ments from both an
open and a shel tered sub al pine stand
were used to assess the suit abil ity of
each tech nique given known
snowpack het er o ge ne ity over small
spatial scales (e.g., Sturm and Benson
2004). Based on these results, this arti -
cle offers rec om men da tions on the
most appro pri ate field appli ca tion of
each mea sure ment type. 

Study Area
This research is part of the South ern
Rock ies Water shed Pro ject (SRWP;
Silins and Wag ner 2007). Field sam -
pling was con ducted on Feb ru ary 23,
2008 in the Crowsnest Pass, Alberta
(49°33.8’ N, 114°33.1’ W; 1900 m
above sea level; Fig ure 1), in a for ested 
area dom i nated by sub al pine fir (Abies
lasiocarpa) and Engelmann spruce
(Picea engelmannii). Aver age annual
snow water equiv a lent in these
high-ele va tion head wa ter bas ins is
approx i mately 400 mm. The region is
typ i cal of the Rocky Moun tain alpine
con ti nen tal cli mate, with extreme
tem per a tures and high pre cip i ta tion
vari abil ity due to dry/warm win ter chi -
nook winds (Barry and Chorley 1998).
These winds result in freeze–thaw
cycles that pro duce crusts, ice lay ers,
and other crys tal line changes within
the snowpack (McKay and Gray
1981). 

Meth ods
World Mete o ro log i cal Orga ni za tion
(1994) stan dards were ref er enced
when select ing sam ple sites, as they
form the basis for inter na tional hydro -
meteoro logi cal data col lec tion
pro to cols. Snow mea sure ments at
open sites are to be col lected in areas
with good wind pro tec tion, and at for -
ested sites in open ings suf fi ciently
large enough for snow to reach the
ground with out being affected by can -
opy inter cep tion. Based on these
rec om men da tions, sam ples were
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Fig ure 1. Study site loca tion in the Crowsnest Pass, Alberta. The basin in which the sam ple sites 
are located is within 2 km of the Brit ish Colum bia bor der and is delin eated by the white line.



extracted from a snow pit in an open
area with wind pro tec tion (Fig ure 2a;
open ing diam e ter > one tree height),
and from a shel tered open ing within
the for est (Fig ure 2b; open ing diam e -
ter < one tree height). These loca tions
were selected to max i mize for est cover 
dif fer ences and to
reduce top o graphic
vari abil ity by locat ing
the sites within 50 m of
one another at equiv a -
lent slope posi tions. 
This study focused on
snow den sity mea sure -
ments which, when
com bined with snow
depth, are used to cal -
cu late SWE. The
fol low ing instru ments
were tested:
1. A 100-cm3 den sity

cut ter man u fac tured 
from spot welded
stain less steel by Snow-Hydro
(Alaska)

2. A 250-cm3 and a 1000-cm3 (20 and 
16 gauge, respec tively) stain less
steel den sity cut ter with fully
welded seams, man u fac tured by
SnowMetrics (Col o rado) 

3. A stan dard Fed eral snow tube,
man u fac tured by Car pen ter
Machine Works (Seat tle) (Fig ure 3)

Weather con di tions on the day of sam -
ple col lec tion were sunny and clear,
with air tem per a ture approx i mately
5ºC. Each pit took four field per son nel
an aver age of five hours to com plete,
includ ing dig ging the pit, and col lect -
ing and weigh ing sam ples.
At each pit, a trench was dug from the 
snow sur face to the ground, and a
trowel was used to clean the south-
fac ing pit face prior to sam pling. This
face was selected to pro vide max i mum 
light to show lay ers and crys tal struc -
ture. Flat tongue depres sors served as
mark ers between layer bound aries,
pro vid ing an over all assess ment of
snowpack struc ture. A grad u ated
240-cm ava lanche probe was placed
against the snow pit face to mea sure
layer thick ness, with the zero marker
at the snow-ground inter face. 
For the con trol mea sure ment, a snow
col umn of known vol ume (15 x 15 cm 
x snow depth cm) was col lected in

each pit using a rope saw (shel tered)
or a knife (open). Each col umn was
divided into smaller pieces and placed
in num bered, sealed plas tic bags for
weigh ing. The accu racy of the con trol
mea sure ment was a func tion of the
fre quency with which the dimen sions

of the col umn top were mea sured.
While it was dif fi cult to main tain abso -
lute col umn dimen sions dur ing
cut ting, which results in poten tially
over/under es ti mat ing den sity, the
advan tage of this method was that it
incor po rated all snow within a spe cific
vol ume and was unaf fected by edge
effects or sam pler size. How ever, given 
the time required and the vol ume of
snow col lected, this method is imprac -
ti cal in rou tine sam pling. Com par i son
of sam pler results with those from the
con trol vol ume pro vided a rel a tive
mea sure of error. 

Within each pit, snow sam ples were
col lected from the pit base to the
snow sur face using each den sity cut -
ter, cre at ing a ver ti cal snow-den sity
pro file (Fig ure 4). The 100-cm3 cut ter
was inserted with the cut ting edge
par al lel to the snow lay ers. Once fully
inserted, the instru ment was moved
gently from side to side to sep a rate
the snow sam ple from the snowpack.
The cut ter was then removed from the 
pack and a cut ting square laid over it
to extract exactly 100 cm3 of snow.
The 250- and 1000-cm3 instru ments
were inserted into the pack with the
cut ting sur face per pen dic u lar to the
snow lay ers. Once the cut ter was fully
inserted, a metal lid was inserted par -
al lel to the top of the cut ter, cap tur ing 
the snow within the cut ter. Each

den sity sam ple was placed in a num -
bered, sealed bag for weigh ing. 

Three snow cores were extracted
approx i mately 30 cm behind each
snow-pit face, using the stan dard Fed -
eral snow tube (BC Min is try of
Envi ron ment 1981). Snow depth and
height of the snow col umn in the tube 
were recorded. After remov ing the soil 
plug from the base of the core and
record ing its length, the sam ple snow
core was placed into num bered,
sealed plas tic bags for weigh ing. 

All sam ples were weighed in the field
using cal i brated dig i tal scales (Ohaus
200 ± 0.1 g for den sity cut ter sam ples, 
or 2000 ± 1 g for snow tube and con -
trol vol ume sam ples). Empty bags
were weighed in the lab. The weight
of each sam ple was cal cu lated by sub -
tract ing the num bered bag weight
from the weight of both the bag and
sam ple. Den sity was cal cu lated by
divid ing the sam ple weight by the
sam pler vol ume.

Results
The snowpack in the open pit was
205 cm deep and con tained 15 lay ers. 
Ice lay ers were found at 10 and 40 cm 
above the ground sur face (8 and 3 cm 
thick, respec tively) and at the snow pit 
sur face (1 cm thick). Depth hoar
devel op ment was observed at the base 
of the snowpack, 5–10 cm above the
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Fig ure 2. Open (a) and shel tered (b) pit loca tions.
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ground sur face. The snowpack in the
shel tered pit was 180 cm deep and con -
tained nine lay ers. Ice lay ers 5 cm thick
were observed directly at the ground
sur face, at 75 cm above the ground,
and at the snow sur face. A 5 cm thick
layer of depth hoar was observed
directly above the basal ice layer. 

Given the dimen sions of each den sity
cut ter, a greater num ber of sam ples was 
col lected with the 100-cm3 cut ter
(n = 60 and 50 in the open and shel -
tered pits, respec tively) than with the
250- and 1000-cm3 cut ters (n = 20 and
19, respec tively, in both pits). 

Error in the con trol col umn mea sure -
ment is esti mated as ± 6%, based on an
aver age 3.8 cm2 devi a tion in the sur face 
area of the col umn with depth. Aver age
den sity cal cu lated from each ver ti cal
pro file was great est in the shel tered pit
(Fig ure 5). All mea sure ment tech niques
under es ti mated the aver age den sity of
the con trol col umn in each pit. The

aver age den sity of the 250-cm3 pro -
file was clos est to that of the con trol
col umn, and had the low est rel a tive
per cent error in both the open and
shel tered pit (Table 1). The 100-cm3

cut ter had the great est rel a tive per -
cent error in the shel tered pit, and
the 1000-cm3 cut ter had the great -

est rel a tive per cent error
in the open pit.

Diver gence between 
den sity pro files was
observed between the
250-cm3 cut ter and the
100/1000-cm3 cut ters in
both pits, par tic u larly in
the shel tered pit (Fig ure
6). In the open pit, ver ti cal 
den sity pro files fell within
a rel a tively nar row range,
with only two sam ples
from the 250-cm3 cut ter
notice ably beyond that
range. In the shel tered pit, 

how ever, vari abil ity between pro files
was much more pro nounced and
the range of den sity val ues was
much greater. At sev eral lev els within 
the snowpack, the range in den sity
val ues mea sured by each cut ter was
greater than 200 kg/m3.

Dis cus sion
Den sity dif fer ences between the
open and shel tered snowpack may
have been driven by sev eral fac tors.
Can opy drip can form higher den sity 
ice lay ers within the snowpack,
increas ing snow den sity in shel tered
loca tions (Kershaw 1991; Bründl et
al. 1999). Snow-den sity vari abil ity in

the shel tered pit may also have been a 
func tion of the prox im ity of the sur -
round ing trees. Ice lenses sam pled in
one pro file were not pres ent in adja -
cent pro files depend ing on prox im ity
to the tree crown edge; thus, the pro -
file in which ice lay ers were not
pres ent had a lower aver age den sity.
The result ing spa tial het er o ge ne ity in
snowpack den sity meant that den sity
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Fig ure 3. Photograph (a) shows 100- and 33-cm3 (not used in this study) den sity cut ters;
pho to graph (b) shows 1000- and 250-cm3 den sity cut ters; and, pho to graph (c) a Fed eral snow 
tube.

Fig ure 4. Sam pling pat tern for 100-, 250-, and 1000-cm3

cut ter den sity pro files (left to right).

Table 1.  Rel a tive per cent er ror in the
den sity mea sure ment of each snow sam pler
ver sus the con trol col umn

Instrument Open (%) Sheltered (%)

100 cm3 –7.6 –17.2

250 cm3 –4.3 –4.8

1000 cm3 –9.9 –11.1

Snow tube –5.9 –11.8
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pro files sam pled in each pit did not
rep re sent iden ti cal con di tions. How -
ever, com par i sons can be drawn
between sam plers at loca tions where
sim i lar crys tal struc ture is observed
between pro files. Field obser va tions of
sam pler per for mance within each pro -
file can also be used to deter mine the
util ity of each under vary ing pit con di -
tions. Spa tial snowpack
het er o ge ne ity, in com bi -
na tion with errors in
con trol col umn col lec tion,
also increases the dif fi -
cultly in assess ing abso lute 
dif fer ences in sam pler
accu racy. How ever, rel a -
tive dif fer ences can be
addressed. 

The 100-cm3 cut ter had
dif fi culty sam pling ice lay -
ers given its small size and
thin metal con struc tion,
thus underestimating
snow den sity in the shel -
tered snowpack. The
larger sam plers, how ever,
had no trou ble sam pling
ice lay ers. In some cases,
den sity sam ples con tained
air pock ets where snow
broke off dur ing the
extrac tion pro cess—depth 
hoar in par tic u lar lacked
cohe sion to fill the cut ters. 
Sam ples with air pock ets were
resampled imme di ately, as loss of
snow from a sam ple would under es ti -
mate snowpack den sity.

The den sity cut ters were dif fi cult to
manoeuvre at the base of the snow pit 
as the cut ting edge caught either on
the ground sur face or on the basal ice
layer. Snow also adhered to the cut ters 
as a result of sun light or warm hands,
melt ing and refreezing to the steel and 
poten tially decreas ing den sity mea -
sure ments. Addi tion ally, the lid of the
250- and 1000-cm3 cut ters was in
some cases dif fi cult to insert flush with 
the cut ter, thus sam ples may have
con tained more than the defined vol -
ume. Out li ers in the open and
shel tered den sity pro files (Fig ure 6)
may there fore be the result of air
pock ets (den sity under es ti mated) or
oversampling (den sity over es ti mated). 

While some of these errors can be
min i mized by fol low ing care ful field

pro ce dures, under- and over-sam pling
prob lems are more dif fi cult to avoid.
Addi tion ally, if a less accu rate den sity
cut ter is used (e.g., 1000 cm3), a
larger sam ple set must be col lected to
over come the effect of mea sure ment
error (Winkler and Spittlehouse 1995),
thereby increas ing the sam pling time
required.

Pre vi ous stud ies have found that the
Fed eral snow tube has an approx i mate 
10% error (Farnes et al. 1982). Com -
par i son of the open and shel tered
snow tube sam ples with the con trol
col umns gives 5.9% and 11.8% error,
respec tively. The open pit was thus
within the pre vi ously reported error
bounds, while the shel tered pit slightly 
exceeded it. While snow tubes often
have greater per cent error in shal low
snow cover (Work et al. 1965), in deep 
snowpacks, such as those at the SRWP
study site, the Fed eral snow tube con -
tin ues to be an appro pri ate method
for mea sur ing snow den sity. 

Con clu sion
The 250-cm3 cut ter is best suited for
mea sur ing den sity pro files in deep
snowpacks, as it cap tures some vari a -
tion between snow lay ers while also
main tain ing the low est rel a tive per cent 
error ver sus the con trol vol ume in
both pits, and can also cut through ice 

lay ers. Unfor tu nately, the 100-cm3 cut -
ter can not sam ple ice lay ers, and
requires three times the num ber of
sam ples when com pared with the
250- or 1000-cm3 cut ters. This makes
it more use ful in shal low, ice-free
snowpacks. The 1000-cm3 cut ter
requires the great est care to pre vent
oversampling, but could be most use -

ful for incor po rat ing high
snowpack het er o ge ne ity into 
a larger vol ume sam ple.
Since the ver ti cal dimen sions 
of the 250- and 1000-cm3

cut ters are iden ti cal, the
same time will be required
to col lect a com plete sam ple 
set. Rel a tive to the snow
tube, cut ters are smaller,
lighter, and less cum ber some 
to trans port, but require
more time and energy to
col lect mea sure ments and
can not effi ciently col lect spa -
tially dis trib uted sam ples.
While increas ing the num ber 
of snow-pit pro files exam -
ined with cut ters would be
expected to reduce the
error, the time require ments
for this type of sam pling
effort are most likely to be
pro hib i tive. For a 2-m
snowpack, a snow tube sam -
ple requires 2 to 5 min utes
per sam ple site, while the

den sity cut ters require upwards of 45
min utes. The snow tube is the pre -
ferred method for extract ing aver age
den sity, or mea sur ing spa tial vari abil ity 
in SWE, as error in indi vid ual mea sure -
ments can be aver aged over a larger
num ber of mea sure ments. It is also
most use ful when a large num ber of
sam ples are required (e.g., when esti -
mat ing dif fer ences between stand
types or treat ments). In sit u a tions
where a detailed den sity pro file is
desired, how ever, the den sity cut ters
are rec om mended.

It is impor tant to note that the spe cific 
data require ments of each snow sam -
pling study will deter mine which point 
snow mea sure ment tech nique is
selected. For spa tially dis trib uted esti -
mates of max i mum SWE required for
flood fore cast ing or water avail abil ity,
the snow tube is most appro pri ate
given the speed and accu racy of sam -
pling over large areas. For pro cess-
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Fig ure 5. Aver age snow-pit den sity from each mea sure ment tech nique.
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based stud ies, detailed infor ma tion on
den sity pro files is often desir able to
assess snowpack pro cesses and to val i -
date out put from remote sens ing
plat forms that can be affected by
inter nal snowpack stra tig ra phy. In
these sit u a tions, the 250-cm3 cut ter is
rec om mended due to its low rel a tive
error, and its ease of use in deep
snowpacks with inter nal ice lay ers. The 
100-cm3 cut ter has slightly lower rel a -
tive error than the 250-cm3, and can
be effec tive in shal low snowpacks
with out ice lay ers, where the greater
time invest ment for sam ple col lec tion
and the inabil ity to sam ple ice lay ers
are less of a prob lem. The 1000-cm3

cut ter is dif fi cult to manoeuvre and
most likely to oversample, but could
be use ful when sam pling a deep,
snowpack where larger sam ple vol -
umes are required to over come
snowpack het er o ge ne ity.
This research is being expanded to
assess the util ity of each mea sure ment
tech nique at dif fer ent times of year
and with vary ing ele va tion, aspect,
and veg e ta tion cover, and to assess
the accu racy of var i ous meth ods of
con trol col umn sam pling. This will
help iden tify the opti mal mea sure ment 
tech nique to apply over a range of
real-world con di tions.
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Fig ure 6. Ver ti cal den sity pro file in the open (a) and shel tered (b) snow pits. Zero cm is the snow-ground inter face. The shaded bar indi cates an
ice layer and the white bar indi cates depth hoar layer.
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