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Abstract:
This paper examines the processes and dynamics of ecologically-important inorganic chemical (primarily
NO3-N) accumulation and loss in boreal forest snow during the cold winter period at a northern and southern
location in the boreal forest of western Canada. Field observations from Inuvik, Northwest Territories and
Waskesiu, Saskatchewan, Canada were used to link chemical transformations and physical processes in boreal

forest snow. Data on the disposition and overwinter transformation of snow water equivalent, NOÿ3 , SO
2ÿ
4 and

other major ions were examined. No evidence of enhanced dry deposition of chemical species to intercepted
snow was found at either site except where high atmospheric aerosol concentrations prevailed. At Inuvik,

concentrations of SO2ÿ
4 and Clÿ were ®ve to six times higher in intercepted snow than in surface snow away

from the trees. SO4-S and Cl loads at Inuvik were correspondingly enhanced three-fold within the nearest 0
.5 m

to individual tree stems. Measurements of snow a�ected by canopy interception without rapid sublimation

provided no evidence of ion volatilization from intercepted snow. Where intercepted snow sublimation rates
were signi®cant, ion loads in sub-canopy snow suggested that NOÿ3 volatized with an e�ciency of about 62%
per snow mass sublimated. Extrapolating this measurement from Waskesiu to sublimation losses observed in
other southern boreal environments suggests that 19±25% of snow inputs of NOÿ3 can be lost during

intercepted snow sublimation. The amount of N lost during sublimation may be large in high-snowfall, high N
load southern boreal forests (Quebec) where 0.42 kg NO3-N haÿ1 is estimated as a possible seasonal NOÿ3
volatilization. The sensitivity of the N ¯uxes to climate and forest canopy variation and implications of the

winter N losses for N budgets in the boreal forest are discussed. Copyright # 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The productivity of boreal forests is determined by both the physical environment and the availability of
nutrient sources. Nutrient sources are extremely wide-ranging in species and elemental composition (C, N, S,
K, Ca, P) but nitrogen (N) is the limiting factor for primary productivity of many boreal forests (Boring et al.,
1988). Soil moisture, including that contributed by snowmelt, controls evapotranspiration from trees and
therefore in¯uences primary production through droughts in the southern boreal forest (Elliott et al., 1998).
The N species most readily available for the photosynthesis of organic matter are the inorganic forms NO3
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and NH4. The rate at which these species are utilized often depends on their concentration whilst the total
production (biomass) of the forest is related to the total amount of inorganic N available. In ecosystems
where the snow N input dominates annual deposition, the spatial variation of snow therefore controls the
spatial distribution of primary productivity (Bowman, 1992). In the case of boreal forests, N to snow is
typically less than one-half of the annual input (Stoddard, 1994). S inputs to snow result in high SO2ÿ

4

concentrations in snow in the eastern boreal forest of North America (Jones, 1987; Semkin and Je�ries,
1988), where this has been implicated in changes in aquatic chemistry (Je�ries, 1990; Papineau and
Haemmerli, 1992). Though anthropogenic SO4-S in eastern North America is less of a current concern
because of improved local emission controls, SO4-S loads in snow measured in 1992 at the extreme northern
edge of the boreal forest (Inuvik region) can exceed the maximum late 1980's winter loads of rural Michigan
(Pomeroy et al., 1993).
Transformations of major ions in cold snow have been identi®ed by Delmas and Jones (1987); Pomeroy

et al. (1991); Laberge and Jones (1991); Jones et al. (1993); Pomeroy et al. (1995); Cragin and McGilvary
(1995) and Pomeroy and Jones (1996) as due to ice crystal sublimation and phoretic scavenging to blowing
snow crystals. The results are often contradictory, with ®eld experiments examining wind-blow snow
indicating loss of NOÿ3 and those examining surface snow suggesting loss of SO2ÿ

4 . Some of the
contradiction may be attributed to the di�culties of collecting ®eld data that re¯ect the e�ects of single
processes in extreme, remote environments. In a controlled laboratory experiment, Pomeroy and Jones
(1996) found an increase in concentrations of SO2ÿ

4 and Clÿ during sublimation from ®xed snow suggesting
conservative behaviour, but no change in the NOÿ3 concentration, suggesting a loss of NOÿ3 ion proportional
to the sublimation of ice. Conversely, in another cold room experiment, Cragin andMcGilvary (1995) found
NOÿ3 and Clÿ to be conserved whilst SO2ÿ

4 was lost during sublimation. The reasons for di�erences in results
are not known but may be due to di�ering boundary conditions in the cold room, atmospheric and
snowpack concentrations of reactive species or sampling error.
The objectives of this paper are to: i) review processes that a�ect the overwinter accumulation and loss of

ecologically-important inorganic ions from boreal forest snow ii) present ®eld measurements of accumula-
tion and loss of these chemical species iii) discuss mechanisms that might control the ion ¯uxes, their
sensitivity to physical snow processes and the in¯uence of forest canopy cover and climate on the processes.

FIELD SITES

Field observations were obtained at two sites representative of southern and northern boreal forest
environments in western Canada. The sites include Inuvik, Northwest Territories (NWT) (698N, 1328W;
20 m.a.s.l.) and Waskesiu, Saskatchewan (548N, 1038W; 500 m.a.s.l.) as shown in Figure 1. Both sites are
remote from local sources of atmospheric emissions of NO3-N and SO4-S, though Inuvik is subject to `arctic
haze' andWaskesiu is subject to deposition from industries and agriculture on the nearby Canadian Prairies.
Inuvik is representative of the cold, sub-humid, permafrost climate regime of the boreal forest subarctic
margin, characterized by long cold winters with low annual snowfall (Table I). North of this site lies the
windier, drier and less productive Arctic tundra. In the Inuvik area, sampling was carried out in open black

Table I. Climate characteristics for the boreal forest study sites. Temperature and precipitation data are from the
Atmospheric Environment Service. DJF refers to December, January and February, while NMA refers to November,

March and April

Inuvik, Northwest Territories Waskesiu, Saskatchewan

Mean monthly air temp (DJF), 8C ÿ29 ÿ18
Mean monthly air temp (NMA), 8C ÿ20 ÿ5
Air temperature 50 8C (months) 8 6
Annual snowfall (mm) 175 150
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spruce forests in both the Havikpak and Trail Valley Creek basins (Pomeroy et al., 1995; Pomeroy and
Marsh, 1997). Waskesiu is located in a continental, sub-humid climate regime at the southern fringe of
boreal forest, which has similar snowfall as Inuvik, but is warmer, having seasonally frozen soils and an
earlier melt period (Table I). South of Waskesiu are the transitional aspen parklands and the semi-arid
prairies where precipitation is lower and evaporation and soil nutrient status are higher. Sampling was
conducted in the Beartrap Creek basin, within Prince Albert National Park, in dense, mature stands of black
spruce, trembling aspen and jack pine.

METHODOLOGY

Field

Snow samples were obtained as follows. At Waskesiu in 1992, snow was sampled from characteristic
landscapes (e.g. pine, spruce, aspen, open clearing) and from a vertical pro®le in a spruce canopy. Five
landscapes were sampled along a horizontal canopy density gradient from open clearing (winter leaf area
index, LAI � 0) to closed spruce canopy (LAI � 4.1). The stands are small, adjacent and in total extend
over less than a 200 m transect. Snow samples and snow physical characteristics were collected from snow
strata (up to four per pit), identi®ed in six snow-pits for each landscape. Twenty intercepted snow samples
were obtained from black spruce branches in a dense black spruce stand (LAI � 4.5) over a 4-m vertical
pro®le using a portable elevator (Figure 2). The elevator platform was lifted by a hydraulic mechanism
driven by storage batteries and hence did not contaminate the local environment. Sampling was carried out

Figure 1. Location of sampling sites with respect to the boreal forest of western Canada
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Figure 2. Photograph of portable elevator and sampling method used to obtain intercepted snow samples in a black spruce stand. Note
that the elevator is only extended during sampling so that the intercepted snow is otherwise undisturbed
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by carefully removing most snow from several branches using a rinsed, Te¯on scoop. To collect adequate
sample for a particular height, several branch-fulls of snow had to be collected per collection bag. In all cases,
samples were placed in HDPE bags, cleaned in dionised water, and then stored at temperatures below 0 8C.
As Inuvik in 1992, snow samples were obtained from snow-pits along four short (several metres) micro-

transects in various orientations from each of three spruce trees in a sparsely-wooded black spruce stand
(LAI � 1.2) using the method described in Pomeroy et al. (1995). Snow pits were dug and cleaned with a
Te¯on scoop that had been rinsed in dionised water. Snow samples were immediately removed from
distinctive strata (normally three) that corresponded to depth hoar, partially-metamorphosed snow and
fresh snow. Depth, snow density and particle size was measured for each stratum. Bulk concentrations and
loads reported here are calculated from averages weighted by the concentration, depth and density of each
layer following the methodology of Pomeroy et al.
Winter leaf area index (LAI) is the cumulative plan area of stems and leaves (needles) over a unit area of

ground. It was measured in winter for all sites using a LICOR LAI-2000 plant canopy analyser. The
LAI-2000 uses the optical density of canopy and view angle to determine LAI. LAI is considered the most
important measure of canopy cover in predictive models of snow interception (Hedstrom and Pomeroy,
1998).

Laboratory

All chemical analyses were conducted in the Central Chemistry Laboratory of the National Hydrology
Research Institute, Saskatoon. Sample preparation, processing and handling were similar for each sampling
site. Frozen samples were thawed and ®ltered the same day using 0.4 mm Nucleopore ®lters. Inuvik samples
were stored in HDPE bottles which had been pre-washed, stored at 4 8C, and shipped in a refrigeration unit
from the ®eld sites to the laboratory for analysis. Holding and shipping time before analysis was less than one
week. Waskesiu samples were returned to Saskatoon frozen. These samples were thawed, ®ltered and
analysed the same day after storage at ÿ25 8C in a cold room.
NOÿ3 , SO

2ÿ
4 and Clÿ were determined using a Dionex 2010i ion chromatograph, Ca� was determined

using a Perkin Elmer Models 460, 2380 and 5000 atomic absorption spectrophotometer (Marsh and
Pomeroy, 1993; Pomeroy et al., 1995). Quality assurance and quality control were evaluated using numerous
blanks on scoops, bags, bottles, ®lters and analytical equipment. Results from the blank tests were con-
sistently below detection limits (50.07 mg lÿ1), indicating that no measurable contamination of samples
occurred. The level of precision and analytical limits of detection were at least an order of magnitude less
than the concentrations measured in the snow samples. As NH�4 was not measured, a formal charge balance
could not be conducted, however, the charge residual from the other major anions and cations was generally
less than one-half of the magnitude of charge resulting from NOÿ3 , with a sign suggesting that it was due to
the unmeasured NH�4 .

DEPOSITION TO SNOW

The processes of accumulation of ions in forest snow are important to this study as a�ected by forest canopy
or micro-meteorological conditions. Dry deposition and wet deposition contribute chemical species to
surface snow and to snow intercepted in forest canopies. The delivery of ions in falling snow (`wet' deposi-
tion) to snow covers is episodic and varies primarily at large scales but can be locally-a�ected by orography
or open water bodies; such local-scale e�ects were not present at the relatively level and frozen sites studied.
Wet deposition is normally considered the largest single input of atmospheric chemicals to snow in remote
regions, though its input can be exceeded by snow relocation processes and associated scavenging in open
environments (Pomeroy et al., 1993).
Dry deposition to snow covers occurs continuously. Stoddard (1994) suggests that 40% of annual inputs

of N in boreal regions occur as dry deposition. Winter seasonal NOÿ3 dry deposition near the boreal forest
comprised 17% of total deposition in northern Michigan, USA (Cadle and Dasch, 1987) and 5% at Turkey
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Lakes in northern Ontario (Semkin and Je�ries, 1988). Sirois and Vet (1988) modelled a 27% seasonal dry
deposition contribution for the same region as these two observational studies. There are no studies of dry
deposition in the western boreal forest of North America, which is drier and more remote from industry. Dry
deposition is a�ected both by atmospheric sources and surface conditions such as snow liquid water content,
surface roughness, temperature, wind speed and snow surface area. The complex interactions between
atmospheric chemical species and snow is expected to result in greater spatial variance for dry deposition to
boreal forest snow than for wet deposition. Dry deposition is the vertical ¯ux (F) of an atmospheric chemical
species to the snow surface. It is operationally calculated as equal to a deposition velocity (v) times the
atmospheric concentration (C), where F � ÿvC (Chamberlain, 1966). The velocity v is composed of an
aerodynamic component and a surface component that are added together as inverted `resistances' (r), where
v � 1/(ra � rs). Aerodynamic resistance, ra , varies inversely with the atmospheric friction velocity and
aerodynamic surface roughness and resistance therefore varies with wind climatology and roughness of
vegetation. Aerodynamic resistances for forests are relatively small, from 33 to 13% of that for open surfaces
and at a 4 m/s wind speed range from 17 s/m for stable to 2.5 s/m for unstable atmospheres (Voldner et al.,
1986). Consequently, if surface resistance is small, forests are more e�cient ®lters of aerosols and gases by
dry deposition than are open sites.
Surface resistance, rs , is important for gaseous deposition, for which it is often large, and depends upon the

uptake of gases by snow. NOÿ3 is often transported to and from snow crystals in a gaseous form of HNO3

vapour. HNO3 rs is highest for cold snow, (5 s/m at ÿ18 8C) decreasing as snow wetness increases (1 s/m at
ÿ3 8C) (Johansson and Granat, 1986). Wesely's (1989) model con®rms that liquid water in snow controls
NO3-N dry deposition, with a decrease in resistance as temperatures increase aboveÿ2 8C. Surface resistance
for aerosols (containing SO2ÿ

4 , Clÿ and/or Ca�) is also small as they are readily incorporated through
impaction and wind pumping into the snowpack (Granat and Johansson, 1983; Waddington et al., 1996).
It is seen that snow wetness can strongly in¯uence dry deposition of gaseous species such as HNO3. In the

boreal forest however, snow location may in¯uence the aerodynamic resistance, rs , as some snow is
intercepted in the canopy throughout the mid-winter. Intercepted snow can remain in the canopy from
several hours to several months after a snowfall (Pomeroy and Schmidt, 1993; Hedstrom and Pomeroy,
1998). Interception of snow increases with increasing canopy leaf area, whilst interception as a proportion of
snowfall increases with decreasing size of snowfall event (Hedstrom and Pomeroy, 1988). Measurements at
Waskesiu show as much as 70% of cumulative seasonal snowfall can be intercepted and stored in dense
boreal spruce canopies by mid-winter (Pomeroy et al., 1997). In more open pine and mixed aspen-spruce
canopies this value drops to 40% and 6% respectively (Pomeroy and Granger, 1997). As snow becomes wet,
its structure becomes weak and unloading occurs, therefore the length of time snow can remain intercepted
depends on how consistently cold the climate is (Hedstrom and Pomeroy, 1998). Intercepted snow is subject
to enhanced atmospheric exchange compared to surface snow with a surface areas up to 1800 times higher
(Pomeroy and Schmidt, 1993) and ventilation velocities an order of magnitude higher than those on the
ground (Claasen and Downey, 1995). To examine the potential signi®cance of variable ventilation to dry
deposition in cold boreal conditions, experimental data is presented from a boreal forest near Waskesiu
from January, 1992 and a boreal forest near Inuvik from April, 1992.
At Waskesiu, snow interception is intermittent with snow remaining in the canopy for up to three or four

weeks after a snowfall, depletion is due to rapid sublimation and then unloading when a warm air mass
advects su�cient energy into the region (Pomeroy et al., 1997). Waskesiu is south of strong in¯uences from air
masses containing arctic aerosols (Barrie, 1995), but is subject to air masses travelling from agricultural and
petrochemical industrial zones on the Canadian prairies. A heavy snowfall preceded the measurements
presented here, loading black spruce trees with intercepted snow, then consistently cold temperatures
(5ÿ 15 8C) persisted for ten days until measurements were made. The cold temperatures probably precluded
signi®cant biological activity and aqueous chemistry in the canopy. The length of time exposed and
temperatures during exposure are typical of mid-winter in the southern boreal forest. Measurements were
made from canopy bottom to top, providing awide range of wind exposure and stability. Canopy tops sustain
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strong turbulent exchanges of sensible and latent heat when snow-covered, whilst there is little turbulent
exchange with sub-canopy snow (Harding and Pomeroy, 1996). Concentrations of SO2ÿ

4 , Ca� were similar
throughout the measured vertical pro®le (Figure 3). NOÿ3 concentrations decreased somewhat with height.
This decrease is not signi®cant. It is suggested that the low uptake of chemical species by the cold, dry snow
caused such high resistances that even dramatically higher ventilation did not result in an appreciably higher
rate of dry deposition. The experimental evidence suggests therefore that dry deposition to intercepted snow,
as it occurs in the southern boreal forest, is not enhanced by greater ventilation or canopy position.
At Inuvik, there are infrequent mid-winter thaws. In such a cold climate, intercepted snow remains in the

canopy for months, covering the branches and sublimating slowly as shown in a photograph of the region in
mid-winter (Figure 4a). Under such consistent cold, canopy biological activity and aqueous chemistry are
considered inactive. Later in the season, most remaining intercepted snow has unloaded to the surface as
shown in an late-winter photograph (Plate 1). An aerosol containing SO2ÿ

4 associated with arctic haze (Barrie,
1995) and sea-salt aerosols dominates dry deposition to the region (Pomeroy et al., 1993, 1995). To examine
the e�ect of a long exposure time on deposition to and loss of ions from intercepted snow, Figure 5 shows the
premelt concentrations of NOÿ3 , SO

2ÿ
4 and Clÿ in intercepted snow and surface snowpack (Figure 5a, b, c)

and the water equivalent (SWE) of surface snow (Figure 5d) measured in micro-transects from the main stem
of three similar black spruce trees in an open canopy forest (LAI � 1.2) near Inuvik in late winter (38 samples
total; samples collected from layers combined to provide bulk concentrations). The SWE accumulation
(Figure 5d) is lowest near to the stem and increases with distance up to 2 m from the stem, beyond which it is
no longer diminished by interception. Evidence of unloaded intercepted snow was provided by distinctive
hard clumps of snow in surface and depth hoar layers near the trunk.1 Only small clumps of snow remain
intercepted in the canopy at the time of sampling in April (Plate 1), an amount insu�cient to account by itself
for the reduced SWE near trunks, suggesting sublimation of intercepted snow with a resulting reduction in
SWE near trunks. Figure 5a shows NOÿ3 concentrations of intercepted snow are approximately three times
higher than surface snow directly underneath and three to four times higher than background levels away
from the tree. This di�ers fromClÿ and SO2ÿ

4 concentrations in intercepted snow (Figure 5b, c) which are only
40% greater than those in surface snow immediately next to the trunk but quite enriched (®ve to six fold)

Figure 3. Vertical pro®les of major ion concentrations in snow intercepted in a boreal spruce canopy, southern boreal forest (Waskesiu,
Sask., January, 1992)

1 Intercepted snow is not subject to temperature-gradient metamorphism as surface snow is and therefore retains its ®ne-crystalline
structure and strength at cold temperatures (Hedstrom and Pomeroy, 1998).
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compared to background levels away from the trunk. Snow near the trunk is enriched to a moderate degree
(30%) in NOÿ3 compared to background levels (Figure 5a), but a dramatic increase (two to ®ve fold) in SO2ÿ

4

and Clÿ concentrations occurs in the nearest metre to the stem (Figure 5b, c). The increased concentrations in
intercepted and near-trunk snow may be due to sublimation of snow (Lundberg and Halldin, 1994) and
subsequent increase in chemical concentration, or to enhanced dry deposition to intercepted snow. In both
cases it is presumed that some remaining intercepted snow is eventually released to the surface. Because both
concentrations and SWE increase with distance from the trunk, concentrations alone do not provide su�cient
information on what process is operating to enrich intercepted snow prior to unloading.
Figure 6 shows SWE and loads of NO3-N, SO4-S and Cl calculated from measured ion concentrations and

SWE, plotted against distance from central trunks. NO3-N loads do not change notably along the transects,
indicating no net exchange occurring in the canopy compared to the surface, whereas SO4-S and Cl loads do
increase strongly within 0.5 m of the stem, indicating enhanced dry deposition to intercepted snow or to any
exposed branches (less likely to branches because they were exposed for only a short period of late winter). If
any NOÿ3 is preferentially-deposited to intercepted snow compared to surface snow, then the added NO3-N
must be subsequently consumed or volatilized. Dry deposition of SO2ÿ

4 and Clÿ is clearly indicated however
by the increase (roughly three-fold) in near-trunk loads over those remote from the trunks. The increase in
concentration of ions due to removal of ice mass via sublimation may be indicated by the two to three fold
increase in NOÿ3 concentrations in intercepted snow over surface snow, an amount exceeded two-fold again
by SO2ÿ

4 and Clÿ. An increase in concentration due to sublimation alone would not result in a change in ion
load, as indicated by the behaviour of NO3-N. The di�erence in concentration change between NOÿ3 and
SO2ÿ

4 or Clÿ is therefore due to enhanced dry deposition of the latter two ions to intercepted snow, probably

Figure 4. Photographs of: a) intercepted snow in a black spruce forest near Inuvik, early February 1992, PLATE 1) the black spruce
forest in mid-April 1992 with sampling trenches shown
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Plate 1. The black spruce forest in mid-April 1992 with sampling trenches shown
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Figure 5. Transects of ion concentrations in surface and intercepted snow a) NOÿ3 , b) SO
2ÿ
4 , and c) Clÿ and d) SWE with increasing

distance from tree stems in a northern boreal forest (Inuvik, NWT April 1992). Mean concentrations for distances on individual
transects are shown
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Figure 6. Transects of bulk ion load in surface snow a) NO3, b) SO4 and c) Cl with increasing distance from tree stems in a northern
boreal forest. Mean loads of distances on individual transects are shown
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as arctic aerosol and sea-salt particulates respectively. The climate and atmospheric chemistry of Inuvik
appear to promote conservative behaviour for NOÿ3 , as the consistently cold dry snow (high resistance to dry
deposition of gaseous N species) and incomplete vaporisation of intercepted snow (slow sublimation) are
contributing physical factors deriving from the exceptionally cold environment. The exact chemical
processes, whoever, that work to retain NO3-N in slowly sublimating snow at Inuvik are not known. The low
basin-scale losses of SWE to intercepted snow sublimation in the region (Pomeroy et al., 1995) imply that
even if NOÿ3 was not completely conservative during sublimation the impact on basin-wide N budgets in
snow would be small.

LOSS OF IONS FROM INTERCEPTED SNOW

The preceding section showed how di�cult it can be to distinguish accumulation/deposition from sublima-
tion/volatilization processes in canopy snow. By comparing loads and concentrations in a high sublimation
environment with low particulate dry deposition from arctic and oceanic aerosols (Waskesiu), certain
processes that lead to ion loss can be more clearly identi®ed. Canopy exchange processes that can a�ect ion
delivery from intercepted to surface snow include ion volatilization whilst intercepted snow is exposed to the
atmosphere (here presumably sublimating), and intercepted snow transport via unloading to the surface. The
former implies vapour transport whilst the latter can carry ions directly on snow crystals.
Sublimation of intercepted snow can amount to areal losses of approximately 20mm snowwater equivalent

(SWE) permonth in drywestern boreal forests (Schmidt andTroendle, 1992; Pomeroy andGray, 1995). On an
annual basis, depletion of intercepted snow by sublimation increases with increasing leaf area, air temperature
and wind speed, and decreases with humidity and time since snowfall (Schmidt, 1991; Pomeroy and Schmidt,
1993; Pomeroy and Gray, 1995; Harding and Pomeroy, 1996).
At Waskesiu more temperate conditions and higher leaf areas lead to greater interception, more rapid

sublimation and higher annual losses than found at Inuvik (Pomeroy et al., 1997). Snow ion concentrations,
SWE and ion loads were compared from 18 samples under snow-free canopies in stands ranging from
(LAI � 0), unleafed trembling aspen (LAI � 0.7), through open jack pine (LAI � 1.5), dense jack pine
(LAI � 3), to dense black spruce (LAI � 4.1). The wide range of winter leaf area provided a correspond-
ingly wide range of interception losses. As intercepted snow load, stand-scale wind redistribution and surface
snow evaporation were minimal and melt had not yet occurred, it could be assumed that any di�erence in
SWE between stands was due to interception losses caused by sublimation of intercepted snow.
To quantify the e�ects of snow interception and sublimation on ion concentrations some comparable

dimensionless measures need to be de®ned. Proportional ion concentration (PIC) is found as a function of
ion concentration, C, as measured in snow under a forest canopy (subcanopy) and in an adjacent site with no
winter canopy (open):

PIC � Csubcanopy ÿ Copen

Copen

�1�

Similarly, proportional snow interception (PSI) is found as.

PSI � SWEsubcanopy ÿ SWEopen

SWEopen

�2�

The assumption behind equation (2) is that di�erences in snow accumulation are due to interception of snow.
If the canopy is relatively snowfree at the time of sampling then this di�erence may be further attributed to
sublimation of intercepted snow. Under the correct sampling conditions, equation (1) and (2) permit a
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de®nition of ion conservation under conditions of sublimated, intercepted snow, where conservative
behaviour is governed by a constant ion load (load � concentration� SWE) and is indicated by.

PIC � SWEopen

SWEsubcanopy

ÿ 1 �3�

As an example of the calculation, if 50% of cumulative snowfall sublimates, PSI � ÿ0.5, SWEopen/
SWEsubcanopy � 2 and if ions are conserved, PIC � 1 (doubling of concentration).
Figure 7 shows measured mean PIC (NOÿ3 , SO

2ÿ
4 , Clÿ) and PSI for several forest stand densities with

standard errors of estimate of PIC shown to display the range of input data. Lines showing polynomial
functions ®tted through the measured PIC and PSI for each ion and a theoretical line for sublimation
enrichment due to conservative ion behaviour during sublimation (equation (3)) are also shown. Correlation
coe�cients are shown along with the polynomial lines to indicate goodness of ®t of the data to these lines.
The polynomial functions have no meaning other than to graphically illustrate trends in the data, the
goodness of ®t of data to the trends and an indication of whether the trends match conservative, ion
behaviour during sublimation. It is evident that SO2ÿ

4 and Clÿ concentrations increase with snow sub-
limation losses, the trends approximately ®tting the theoretical increase in PIC calculated from equation (3)
(solid line in Figure 5a). The results for NOÿ3 however, show relatively little enrichment and suggest that the
ion is incompletely conserved during sublimation.
To test the degree of NOÿ3 volatilization compared to sublimation of intercepted snow, another

dimensionless measure needs to be de®ned. Proportional ion load (PIL) is found as:

PIL � �C SWE�subcanopy ÿ �C SWE�open
�C SWE�open

�4�

Figure 7. E�ect of intercepted snow sublimation on surface show ion concentration in the southern boreal forest, (Waskesiu, Sask., Feb.
1992). Mean data are shown with standard errors of estimate about the mean for proportional ion concentration, PIC (equation (1)).
Proportional snow interception, PSI is calculated using equation (2) and re¯ects sublimation loss. Perfect ion conservation (equation
(3)) is shown along with polynomial relationships ®tted to measured data ( for purposes of visualization) and the correlation coe�cients

(R2) for those ®ts
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in a similar manner to PSI. For instance, a PIL of ÿ0.5 mean s a 50% loss in ion load from the no-canopy
control. PSI was compared to PIL in Figure 8; mean forest stand points along with standard errors in
estimate of PIL are shown and linear regression lines ®tted through the measured points. The 1 :1 line
denotes volatilization equal to sublimation loss. Low slope and R2 show that the SO2ÿ

4 and Clÿ load do not
follow the volatilization model. However, NO3-N load does volatilize in proportion to sublimation, the
relationship being,

PIL�NO3-N� � 0�62PSI; R
2 � 0�79 �5�

which provides the basis for a simple model of NOÿ3 loss from boreal forest snow covers.
The Waskesiu results suggest that NOÿ3 is volatilized with 62% e�ciency, compared to sublimation of

intercepted snow, and that SO2ÿ
4 and Clÿ undergo little net exchange associated with snow interception or

sublimation. This di�ers with the conservative net behaviour of NOÿ3 and the dry deposition of SO2ÿ
4 in the

cold boreal forests near Inuvik. The di�erence in NOÿ3 behaviour may be due to di�ering snow temperatures,
and di�ering rates and completeness of sublimation. The Inuvik winter is consistently cold (ÿ20 8 toÿ50 8C)
with consequent extremely slow sublimation that may conserve NOÿ3 . By contrast, the Waskesiu winter is
more moderate (ÿ5 8 to ÿ30 8C), the canopy is warmed by positive net radiation in February and March
(Harding and Pomeroy, 1996) and sublimation occurs more rapidly. The di�erence in SO2ÿ

4 and Clÿ

deposition between the northern and southern sites is probably due to arctic and sea-salt aerosol presence
near Inuvik. However, data from neither site indicates that sublimation plays a role in depleting loads of
SO2ÿ

4 or Clÿ in snow.

DISCUSSION

The result that NO3-N volatilization is controlled not by interception alone, but by the rate of intercepted
snow sublimation is ecologically interesting as inorganic N is a limiting factor to primary productivity

Figure 8. E�ect of intercepted snow sublimation on surface snow ion load in the southern boreal forest (Waskesiu, Sask., Feb. 1992).
Mean data are shown along with standard errors of estimate of proportional ion load, PIL (equation (4)). A line representing ion
volatilization perfectly proportional to snow sublimation (equation (5)) is shown along with linear ®tted relationships between

measured PIL and PSI and correlation coe�cients (R2) for those relationships
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throughout much of the boreal forest. The snow NO3-N load is ¯ushed from the pack during a period of
rapid spring melt in the boreal forest and is a biologically-available nutrient. Examples of non-linear aquatic
responses to inputs of inorganic N from snow have been reported by Peters and Driscoll (1987). Presuming a
simple model of snow NOÿ3 behaviour that is consistent with observations reported here: that NO3-N load is
lost as a linear function the loss of SWE to intercepted snow sublimation (equation (5)), allows a discussion
of the probable sensitivity of NOÿ3 loss to canopy and climate.

Climate

Data from two extremes of the boreal forest have been examined suggesting NOÿ3 is conservative where
sublimation rates are low and volatile where rates are high. Pomeroy and Gray (1995) reviewed forest snow
mass balance studies to determine sublimation rates in a wide range of climates across North America and
Russia. Their survey showed that from 20 to 45% of annual snowfall (PSI of ÿ0.20 to ÿ0.45) is sublimated
from continuous canopy coniferous forests (Ontario, Quebec, Saskatchewan, British Columbia, Yukon,
Oregon, Colorado, Siberia). Studies by Pomeroy et al. (1995) in the Inuvik area and Satterlund and Haupt
(1970) in northern Idaho suggest however that sublimation losses are small (55% or PSI5ÿ 0.05) in these
regions. The Inuvik region is extremely cold and northern Idaho quite humid in winter: apparently these
extremes are su�cient to suppress sublimation. With exceptions, a remarkable number of studies showed
annual PSI between ÿ0.3 and ÿ0.4, in locations ranging from middle latitude subalpine to high latitude
boreal forests with annual snowfall varying from 120 to 600 mm. The similar sublimation losses in varied
climates may be due to a counteracting e�ect of high winter temperatures in accelerating both sublimation
rate and probability of unloading.
In high snowfall environments the potential NO3-N loss can be substantial. Jones and Deblois (1987)

measured N loads of up to 2.0 kg N haÿ1 in Quebec (75% derived from NOÿ3 ) just before melt began.
Presuming that their sub-canopy snow accumulation agreed with PSI � ÿ0.35 and that equation (5) can be
applied suggests a PIL of ÿ0.22, corresponding to a NOÿ3 volatilization loss of 0.42 kg NO3-N haÿ1 during
sublimation. In contrast maximumNOÿ3 loads of 0.18 kg NO3-H haÿ1 were measured in deciduous stands at
Waskesiu in 1992. If identical PSI and PIL are used, the NOÿ3 loss associated with sublimation is only 50 g
NO3-N haÿ1. For southern boreal forest environments it would appear that sublimation loss and therefore
NOÿ3 volatilization from intercepted snow are sensitive primarily to annual snowfall and hence wet
deposition with strong gradients from dry mid-continent to the more humid coasts.

Canopy cover

The data fromWaskesiu clearly illustrates the sensitivity of sublimation loss and hence NOÿ3 volatilization
to SWE. Pomeroy and Goodison (1997) and Pomeroy et al. (1998) have demonstrated that the strong
variation of SWE with canopy cover is due to sublimation of intercepted snow in this environment. Snow
mass balance surveys over several years near Waskesiu indicate that sublimation losses increase with
increasing canopy density (LAI) and that removal of the canopy cover through clear-cutting or burning
causes a corresponding suppression in sublimation loss until the evergreen canopy can be restored. A
clearcut 3±5 years old (LAI � 0.2) showed no sign of recovery to mature forest interception conditions but
one 15 years old (LAI � 2.1) intercepted roughly the same amount of snow as a mature pine stand
(LAI � 2.2), about 35% of annual snowfall (Pomeroy and Granger, 1997). Measurements of annual ion
load in snowcovers of clearcuts and spruce stands near Waskesiu in 1995 reported by Pomeroy et al. (1997)
show the ratio of clearcut (LAI � 0.2) to dense spruce (LAI � 4.1) NOÿ3 loads (1.3 or PIL � ÿ0.23)
substantially exceed those of SO2ÿ

4 (0.98, or PIL � 0.02). In this case the increase in NO3-N with the forest
clearing treatment only amounts to between 50 and 100 g NO3-N haÿ1, however the variation in SWE and
NO3-N load in snow with changing canopy cover in these regions may be ecologically important as wet
deposition inputs of both snowmelt water and NO3-N are small and may limit the rate of forest regrowth. An
environment with heavier snowfall (eastern Canada) should see a proportionately larger increase in NO3-N
load with forest removal (0.42 kg NO3-N haÿ1). This larger increase in eastern North America may have
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implications for acidi®cation of the soil and aquatic environment in regions already considered to be
receiving excess N (Je�ries, 1995).

CONCLUSIONS AND IMPLICATIONS

No evidence of enhanced dry deposition of chemical species to intercepted snow was found at either site
except where high atmospheric concentrations of SO2ÿ

4 and Clÿ prevailed (as `arctic haze' and sea-salt
aerosols). At Inuvik, where these atmospheric conditions and enhanced dry deposition did occur, con-
centrations of SO2ÿ

4 and Clÿ were ®ve to six times higher in intercepted snow than in surface snow away from
the trees. This also a�ected ion loads, with SO4-S and Cl loads enhanced three-fold within the nearest 0

.5 m
to individual tree stems, compared to locations away from trees, in a sparsely-wooded area. It is suggested
that when surface resistance to deposition is high (as for gaseous forms of N) and/or atmospheric
concentrations low (as for aerosols in the southern boreal forest), changes in aerodynamic resistance due to
snow interception are irrelevant to dry deposition.
Measurements of snow a�ected by canopy interception without rapid sublimation provided no evidence of

ion volatilization from intercepted snow. However, where intercepted snow sublimation rates were signi®cant
(Waskesiu, late winter), ion loads in sub-canopy snow suggested that NOÿ3 volatilized with an e�ciency of
about 62% per snow mass sublimated. Extrapolating this measurement to sublimated losses observed in this
and other southern boreal environments suggests that 19±25% of snow inputs of NOÿ3 can be lost during
intercepted snow sublimation. The N loss is sensitive to the amount of snow intercepted and hence to forest
cover; it is therefore suppressed with forest cover removal, as through clear-cutting, with e�ects remaining
until the evergreen canopy cover is restored. The amount of N lost during sublimation may be large in
high-snowfall, high N load southern boreal forests (Quebec) where 0.42 kg NO3-N haÿ1 is estimated as a
possible seasonal NOÿ3 volatilization.
The ecological implications of this snow NO3-N ¯ux are not directly known, however much of the

remaining NO3-N is delivered to the terrestrial and aquatic ecosystems in an inorganic form during spring
snowmelt and is available at a time of rapid growth and therefore N demand. For global budgets of N, the
variability of snow-N processes with both forest cover and climate is a matter of potential interest, as it is for
improved forest and aquatic ecology models of the future. The variation is also of concern for e�orts to
improve carbon ¯ux estimates for the boreal forest. Further research is needed to identify the chemical
mechanism operating during N volatilization and corroborate the process in other environments.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the support of the NATO Collaborative Grants Programme and the
support of their respective institutions for funding this research. Much of the ®eld data presented here was
collected with funding assistance from the National Hydrology Research Institute; Natural Sciences and
Engineering Research Council of Canada; Prince Albert Model Forest Association; Canadian Global
Energy and Water Cycle Experiment, Science Institute of the Northwest Territories and Polar Continental
Shelf Project. The ®eld assistance of Mr. Cuyler Onclin, Mr. Newell Hedstrom, Mr. Bob Reid and Dr.
William Quinton and the laboratory analysis by Mr. Ken Supeene, all of NHRI, was greatly appreciated.

REFERENCES

Barrie LA. 1995. Arctic aerosols: composition, sources and transport. In Ice Core Studies of Global Biogeochemical Cycles, Delmas RJ
(ed.); NATO ASI Series I, Vol. 30, Springer-Verlag: Berlin: 1±22.

Boring LR, Swank WT, Waide JB, Henderson GS. 1988. Sources, fates and impacts of nitrogen inputs to terrestrial ecosystems: review
and synthesis. Biogeochemistry 6: 119±159.

BowmanWD. 1992. Inputs and storage of nitrogen in winter snowpack in an alpine ecosystem. Arctic and Alpine Research 24: 211±215.

Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 2257±2273 (1999)

SNOW HYDROLOGY 36: SNOW CHEMISTRY IN BOREAL FOREST 2271



Cadle SH, Dasch JM. 1987. The contribution of dry deposition to snowpack acidity in Michigan. In Seasonal Snowcovers: Physics,
Chemistry, Hydrology, Jones HG, Orville-Thomas WJ (eds); NATO ASI Series C211, Reidel Publishing Company: Dordrecht:
299±320.

Chamberlain AC. 1966. Transport of gases to and from grass and grass-like surfaces. Proceedings of the Royal Society of London A290:
236±265.

Cragin JH, McGilvary R. 1995. Can inorganic chemical species volatilize from snow? In Biogeochemistry of Seasonally Snow-covered
Catchments, IAHS Publ. No. 228 IAHS Press: Wallingford, UK: 11±16.

Delmas V, Jones HG. 1987. Wind as a factor in the direct measurement of the dry deposition of acid pollutants to snowcovers. In
Seasonal Snowcovers: Physics, Chemistry, Hydrology, Jones HG, Orville-Thomas WJ (eds); NATO ASI Series C211, Reidel
Publishing Company: Dordrecht: 321±336.

Elliott JA, Toth BM, Granger RJ, Pomeroy JW. 1998. Soil moisture storage in mature and replanted sub-humid boreal forest stands.
Canadian Journal of Soil Science 78: 17±27.

Granat L, Johansson C. 1983. Dry deposition of SO2 and NO2 in winter. Atmospheric Environment 17: 191±192.
Harding RJ, Pomeroy JW. 1996. The energy balance of the winter boreal landscape. Journal of Climate 9: 2778±2787.
Hedstrom NR, Pomeroy JW. 1998. Accumulation of intercepted snow in the boreal forest: measurements and modelling. Hydrological
Processes 12: 1611±1625.

Je�ries DS. 1990. Snowpack Storage of Pollutants, Release during Melting, and Impact on Receiving Waters. In Acidic Precipitation 4:
Soils, Aquatic Processes, and Lake Acidi®cation Lake, Advances in Environmental Science. Springer-Verlag: New York: 107±132.

Je�ries DS. 1995. Freshwater Acidi®cation in Canada Caused by Atmospheric Deposition of Nitrogen Pollutants: A Preliminary
Assessment of Existing Information. NWRI Contribution No. 95±116, National Water Research Institute: Burlington, Ontario: 68 pp.

Johansson C, Granat L. 1986. An experimental study of the dry deposition of gaseous nitric acid to snow. Atmospheric Environment 20:
1165±1170.

Jones HG. 1987. Chemical dynamics of snow cover and snowmelt in a boreal forest. In Seasonal Snowcovers: Physics, Chemistry,
Hydrology, Jones HG, Orville-Thomas WJ (eds); NATO ASI Series C-211, D. Reidel Publishing Company: Dordrecht: 531±574.

Jones HG, Deblois C. 1987. Chemical dynamics of N-containing ionic species in a boreal forest snowcover during the spring melt
period. Hydrological Processes 1: 271±282.

Jones HG, Pomeroy JW, Davies TD, Marsh P, Tranter M. 1993. Snow-atmosphere interactions in Arctic snowpacks: net ¯uxes of
NOÿ3 , SO

2ÿ
4 and in¯uence of solar radiation. Proceedings of the Eastern Snow Conference 50: 255±264.

Laberge C, Jones HG. 1991. A statistical approach to ®eld measurements of the chemical evolution of cold (50 8C) snow cover.
Environmental Monitoring and Assessment 17: 201±216.

Lundberg A, Halldin S. 1994. Evaporation of intercepted snow: analysis of governing factors.Water Resources Research 30: 2587±2598.
Marsh P, Pomeroy JW. 1993. The impact of heterogeneous ¯ow paths on snowmelt runo� chemistry. Proceedings of the Eastern Snow
Conference 50: 231±238.

Papineau M, Haemmerli J. 1992. Changes in water quality in the La¯amme Lake watershed area, Canada.Water, Air and Soil Pollution
61: 95±105.

Peters NE, Driscoll CT. 1987. Sources of acidity during snowmelt at a forested site in the west-central Adirondack Mountains, New
York. In Forest Hydrology and Watershed Management, IAHS Publ. No. 167, IAHS Press: Wallingford, UK: 99±108.

Pomeroy JW, Schmidt RA. 1993. The use of fractal geometry in modelling intercepted snow accumulation and sublimation.
Proceedings of the Eastern Snow Conference 50: 1±10.

Pomeroy JW, Gray DM. 1995. Snowcover Accumulation, Relocation and Management. NHRI Science Report No. 7, Environment
Canada, Saskatoon: 134 pp.

Pomeroy JW, Jones HG. 1996. Wind-blown snow: sublimation, transport and changes to polar snow. In Chemical Exchange between
the Atmosphere and Polar Snow, Wol� EW, Bales RC (eds); NATO ASI Series I, Vol. 43, Springer-Verlag: Berlin: 453±490.

Pomeroy JW, Goodison BE. 1997. Winter and snow. In The Surface Climates of Canada, Bailey WG, Oke TR, Rouse WR (eds);
McGill-Queen's University Press: Montreal: 68±100.

Pomeroy JW, Granger RJ. 1997. Sustainability of the western Canadian boreal forest under changing hydrological conditions Ð I Ð
snow accumulation and ablation. In Sustainability of Water Resources under Increasing Uncertainty, IAHS Publ. No. 240, IAHS
Press: Wallingford, UK: 237±242.

Pomeroy JW, Marsh P. 1997. The application of remote sensing and a blowing snow model to determine snow water equivalent over
northern basins. In Applications of Remote Sensing in Hydrology, Kite GW, Pietroniro A, Pulz TJ (eds); NHRI Symposium No. 17,
Environment Canada, Saskatoon: 253±270.

Pomeroy JW, Davies TD, Tranter M. 1991. The impact of blowing snow on snow chemistry. In Seasonal Snowpacks: Processes of
Compositional Change, Davies TD, Tranter M, Jones HG (eds); NATO ASI Series G 28, Springer-Verlag: Berlin: 71±114.

Pomeroy JW, Marsh P, Lesack L. 1993. Relocation of major ions in snow along tundra-taiga ecotone. Nordic Hydrology 24: 151±168.
Pomeroy JW, Marsh P, Jones HG, Davies TD. 1995. Spatial distribution of snow chemical load at the tundra-taiga transition. In
Biogeochemistry of Seasonally Snow-covered Catchments, IAHS Publ. No. 228, IAHS Press: Wallingford, UK: 191±203.

Pomeroy JW, Granger RJ, Pietroniro A, Elliott J, Toth B, Hedstrom N. 1997.Hydrological Pathways in the Prince Albert Model Forest:
Final Report. NHRI Contribution Series CS-97007: Environment Canada, Saskatoon: 133 pp. plus appendices.

Pomeroy JW, Parviainen J, Hedstrom N, Gray DM. 1998. Coupled modelling of forest snow interception and sublimation.
Hydrological Processes 12: 2317±2338.

Satterlund DR, Haupt HF. 1970. the disposition of snow caught by conifer crowns. Water Resources Research 6: 649±652.
Schmidt RA. 1991. Sublimation of snow intercepted by an arti®cial conifer. Agricultural and Forest Meteorology 54: 1±27.
Schmidt RA, Troendle CA. 1992. Sublimation of intercepted snow as global source of water vapor. Proceedings of the Western Snow
Conference 60: 1±9.

Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 2257±2273 (1999)

2272 J. W. POMEROY ET AL.



Semkin RG, Je�ries DS. 1988. Chemistry of atmospheric deposition, the snowpack, and snowmelt in the Turkey Lakes watershed.
Canadian Journal of Fisheries and Aquatic Sciences 45: 38±46.

Sirois A, Vet R. 1988. Detailed sulphate and nitrate atmospheric deposition estimates at the Turkey Lakes watershed. Canadian Journal
of Fisheries and Aquatic Sciences 45: 14±25.

Stoddard JL. 1994. Long-term changes in watershed retention of nitrogen. In Environmental Chemistry of Lakes and Reservoirs, Baker
LL (ed.); ACS Advances in Chemistry Series. American Chemical Society: New York: 223±284.

Voldner EC, Barrie LA, Sirois A. 1986. A literature review of dry deposition of oxides of sulphur and nitrogen with emphasis on long-
range transport modelling in North America. Atmospheric Environment 20: 2101±2123.

Waddington ED, Cunningham J, Harder SL. 1996. The e�ects of snow ventilation on chemical concentrations. In Chemical Exchange
between the Atmosphere and Polar Snow, Wol� E, Bales R (eds); NATO ASI Series I, Vol. 43, Springer-Verlag: Berlin: 403±452.

Wesely ML. 1989. Parameterization of surface resistance to gaseous dry deposition in regional-scale numerical models. Atmospheric
Environment 23: 1293±1304.

Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 2257±2273 (1999)

SNOW HYDROLOGY 36: SNOW CHEMISTRY IN BOREAL FOREST 2273


