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WHY THIS PROJECT ?

Arctic CO2 fluxes = crucial component of the global greenhouse gas balance 

Winter = the tundra could act 
as a (weak?) carbon source

The amplified warming of the Arctic is strongest in winter
but most studies focus on the summer season [Arndt 2020, Jansson and Taş, 2014] 

Summer = the tundra is 
(still) a weak carbon sink 

Lack of measurements [Natali 2019]Many summer measurements
and studies Winter processes are poorly understood

Winter CO2 flux dynamics is the great unknown in the annual Arctic carbon budget



We rely on…
1) Our exis1ng observatory



We rely on…
2) Our partnership

UNINA-DB (IT)

CNR- IGG (IT)

AWI (DE)QMUL (UK) UoC (DE)



PROJECT AIM AND ACTIONS

Fill the knowledge gap on winter CO2 fluxes in Svalbard and investigate the driversAIM

ACTION PLAN

Installing a new station for winter monitoring of CO2 fluxes and 
microbiological activity @ the CZ observatory in the Bayelva basin near 
Ny Ålesund, Svalbard

Investigating microbial processes in winter soil

Developing data-driven and process-based models

Implementing a data service (CNR NyA Carbon Flux Observatory)

Year 1 

Year 2 

Start: SUMMER 2023



What CO2 winter fluxes have been measured by similar experiments?

Minimum value 
micromol/m2/sec

Maximum value 
micromol/m2/sec

ER Diffusion Winter (*) 0.043 0.071

ER trace-gas Winter (*) 0.005 0.080
ER Eddy Covariance -NYA Winter (°) 0.000 0.500

ER Flux chamber-NYA Summer (°) 0.125 4.043

min raNo max ratio
ER summer / ER 

winter 3 60

ER = Ecosystem Respiration 
(*) DOI: 10.1029/2009GB003667
(°) CNR CZ Obs
All measures in Svalbard  DOI 10.1007/s10533-009-9302-3 



Challenge  # 1

The 
instrumentation 
must resist the 
Arctic winter 
AND have a high 
sensitivity



HOW TO MEASURE WINTER CO2 FLUX FROM THE SNOWPACK

At the boSom of a snowpit

Examples from the literature

at top and bottom of a snowpit

Measuring the diffusion 
through the snowpack 

and the possible change in snow abundance due to a
changing climate [Arctic Climate Impact Assessment (ACIA),
2005] have been included in the global climate agenda
[Intergovernmental Panel on Climate Change, 2007]. This
has further been highlighted by recent work on expected
climate feedback mechanisms, where higher CO2 production
due to an increasing snow depth has been found [e.g.,Welker
et al., 2000; Nobrega and Grogan, 2007]. The basic
understanding of this feedback loop is that a cover of snow
insulates the soil environment from cold air temperatures
[Brooks et al., 1997] and, thereby, markedly extends the
period when soil and water are not frozen. These physical
parameters allow soil microbial activity to occur during
winter, with CO2 production as a result [Brooks et al., 1997].
[3] A wide range of methods has been used to evaluate

winter CO2 effluxes, and previous comparisons of techniques
have claimed that different methods are preferable
[McDowell et al., 2000; Schindlbacher et al., 2007]. Winter
measurements of CO2 effluxes have commonly been con-
ducted using CO2 respiration chamber measurements in snow
pits [e.g., Elberling and Brandt, 2003] or as floating cham-
bers on top of the snow cover [e.g., Winston et al., 1995].
Different approaches of snowpack gradient measurements
have also been conducted, with air samplingwithin and above
the snow [e.g., Sommerfeld et al., 1993; Schindlbacher et al.,
2007; Sullivan et al., 2008; Liptzin et al., 2009; Björkman
et al., 2010]. In addition, CO2 traps installed at the soil‐
snow interface [e.g.,Grogan and Chapin, 1999;Welker et al.,
2000] have been used, and eddy correlation has been per-
formed [e.g., Lloyd, 2001]. However, the base trap method
lacks temporal resolution and only provides information on
mean winter CO2 production for a period of months. Eddy
correlation, in turn, gives wider ecosystem‐based results, but
a homogenous and flat terrain is essential for eddy covariance
measurements. Furthermore, this method lacks the resolution
needed when dealing with small‐scale experimental designs.
These last two methods were, therefore, not evaluated in this
study.
[4] The aim of this study was to compare four different

techniques for evaluating soil CO2 production and effluxes

during the winter in high‐latitude ecosystems and to illustrate
the range of values thus obtained for winter CO2 efflux from
the soil and through the snowpack. Measurements were col-
lected at two Arctic locations, Adventdalen, Svalbard and
Latnjajaure, Sweden, from shallow and deep snow regimes.

2. Method

2.1. Site
[5] The two locations used in this study are both located

within the Arctic region defined by ACIA [2005]. The sub-
arctic Latnjajaure site is situated in a U‐shaped valley, 15 km
west of Abisko, Sweden (68°20′N, 18°30′E, 980 m above
sea level (asl)). The other site, in Adventdalen, Svalbard
(78°10′N, 16°06′E, 40 m asl), is a High Arctic valley with
underlying continuous permafrost. Both study locations have
similar vegetation and soil conditions described in detail by
Björk et al. [2007] and Morgner et al. [2010].
[6] In this study, two different snow regimeswere examined

at each location: shallow and deep snow cover. Within each
snow regime and location there were six replicates, giving a
total of 24 study plots. The shallow snow plots in Latnjajaure
and Adventdalen had a snow cover ranging from 10 to 50 cm.
In Adventdalen, deep snow cover was created using six
snow fences (600 × 150 cm), resulting in a snow depth of 90–
150 cm. In Latnjajaure, two naturally occurring snow beds of
110–180 and 170–320 cm were used, with three replicates in
each. Furthermore, the measurements included two different
vegetation types, heath and meadow. Earlier studies found no
difference in winter effluxes between these vegetation types
[Björkman et al., 2010; Morgner et al., 2010], and therefore,
no distinction was made between them in this study.

2.2. Efflux Measurements
[7] Four commonly used methods for measuring CO2

efflux in winter were compared (Figure 1). Two methods are
based on direct measurements from closed chambers and
using portable infrared gas analyzers (IRGA). A LI‐COR
6400‐09/6262 Soil CO2 Flux Chamber (LI‐COR, Lincoln,
Nebraska) was used in Adventdalen (as described by
Elberling [2007]), whereas an IRGA based on the PP System
SBA‐4 OEM CO2 Analyser (PP System, Hertfordshire,
United Kingdom) was used at Latnjajaure (following an
approach similar to that of Björkman et al. [2010]). Both
systems included chambers with a diameter of 10 cm and
were equipped to cope with the low temperatures expected
during field sampling campaigns. The two other methods
are based on air sampling in the field and subsequent gas
chromatographic analysis (Varian 3800, Varian Inc., Palo
Alto, California, United States) [Klemedtsson et al., 1997]
and calculations based on Fick’s first law of diffusion
[Sommerfeld et al., 1993].
[8] Effluxes of CO2 from the snow surface (Fsnow) were

measured using a floating chamber technique and IRGA
[Winston et al., 1995]. The chamber was placed on top of an
undisturbed snowpack to allowCO2 concentration to increase
within the chamber as a result of effluxes through the snow.
Effluxes of CO2 from snow pits (Fsoil) were obtained by
digging down to the bottom of the snowpack and fitting the

Figure 1. Overview of different methodologies used in this
study. (a) Direct measurements with an infrared gas analyzer
(IRGA) and floating chamber, Fsnow, or (b) from snow pits,
Fsoil. (c) Air sampling at two points, F2‐point, or (d) in time
series to follow a trace gas through the snow, FSF6.

BJÖRKMAN ET AL.: WINTER CO2 EFFLUXES FROM ARCTIC SOILS GB3010GB3010
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”direct methods”
Using flux chambers

Several instrumental set-ups



HOW TO MEASURE WINTER CO2 FLUX FROM THE SNOWPACK

From: Björkman et al, 2010 - doi:10.1029/2009GB003667  

“…..These differences result not only from using contras8ng methods but also 

from the differences in the assump2ons within the methods when quan8fying 
CO2 produc8on and effluxes to the atmosphere. Because snow can act as a 
barrier to CO2, Fsoil is assumed to measure soil produc8on, whereas FSF6, 
Fsnow, and F2-point are considered be;er approaches for quan8fying 
exchange processes between the soil, snow, and the atmosphere. This study 

indicates that es2mates of winter CO2 emissions may vary more as a result of 
the method used than as a result of the actual varia2on in soil CO2 produc2on 
or release. This is a major concern, especially when CO2 efflux data are used in 
climate models or in carbon budget calcula8ons, thus highligh8ng the need for 
further development and valida2on of accurate and appropriate techniques.”  



HOW TO MEASURE WINTER CO2 FLUX FROM THE SNOWPACK: the Fick’s law approach

At the bottom of the snowpack
And in open air

Examples from the literature

Through the snowpack 
with reference gas SF6

snow survey in March 2013. At each snow regime, we monitored the rate and isotopic composition of Reco
and the concentration and isotopic composition of CO2 within the soil pore space (n = 3/snow regime) 3
times between September 2012 and April 2013 (Figure 2).

Before the first snow, Reco wasmeasured in early September and October 2012 using opaque, dynamic cham-
bers (30-cm i.d., 30-L volume; Lupascu, Welker, Seibt, Maseyk, et al., 2014). Chamber bases had been inserted
in mid-August 2012 to about 5-cm depth, sealed with soil material on the outside, and left in place during the
entire study period. To calculate Reco, air was circulated between the chamber’s headspace connected to an
infrared gas analyzer and a data logger (LI-840, LI-1400, LI-COR Biosciences, Lincoln, NE, USA) at a rate of
0.5 L/min. Flux rates were estimated from the slope of time versus CO2 concentration curves using
linear regression.

In April 2013, when there was an established snowpack, winter Reco wasmeasured using a gradient approach,
where CO2 concentrations were recorded at the snow-soil interface and in the ambient air (Fahnestock et al.,
1998, 1999). In combination with snow density profiles through the snowpack, CO2 fluxes were calculated
using Fick’s law [1]:

Jg ¼ Dg d g½ #=dzð Þ f (1)

where Jg is the gas flux, Dg is the diffusion coefficient of CO2 in air (1.39 × 10&5 m2/s), g is the difference
between [CO2]atm and [CO2]measured, z is the snow depth, and f is the snow porosity (1 & (density/973) mea-
sured in March 2013 (ambient 355 g/m3 and deep snow 380 g/m3; n = 5). Winter Reco measurements were
combined as “winter” period.

We collected Reco for
14C analysis on 7 September and 26 October 2012, and during 3–5 February and 10–12

March 2013. Before snowfall, chambers were left closed until the CO2 concentration inside the chamber was
about twice that in ambient air (up to 48 hr at the end of the summer and up to 72 hr in winter). After mea-
suring the CO2 concentration inside the chamber headspace, CO2 was collected by circulating the air inside
the chamber through drierite (W.A. Hammond Drierite Co. Ltd., Xenia, OH, USA) followed by a precondi-
tioned, activated molecular sieve (powder-free 133 8/12 beads, Grace) trap at a rate of 0.5 L/min for
15 min (Gaudinski et al., 2000).

Figure 2. Sampling design for collecting CO2 produced in soils with gas wells and CO2 emitted from the soil surface with
chambers during winter in areas with experimentally increased or ambient snow. Wells were inserted in sets to 30-, 50-, 70-,
and 90-cm depth, and accessed from common sampling points. Soil gas was collected in preevacuated canisters via
flow-restricting capillaries. Chambers were placed on chamber bases, inserted into the soil to 5 cm, and CO2 was collected
on molecular sieve traps. Chamber tops were only placed onto the bases during sampling prior to snowfall, and then
permanently left on the bases, but flushed with ambient air prior to sampling (dotted white boxes represent snowpack).

10.1029/2018JG004396Journal of Geophysical Research: Biogeosciences
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Measuring the diffusion 
through the snowpack 
with Vaisala or  LI-COR 

for 7–8 months of the year; snow cover at the snow-fence
and snowbed plots lasts 2–4 weeks longer.

Summer measurements on snow-free soil

Measurements of CO2 emissions from the soil during the
snow-free period (see Table 1) were conducted using
closed dark-chamber techniques and portable infrared gas
analysers (Li-Cor 6400-09/6262 Soil CO2 Flux Chamber;
LI-COR Biosciences, Lincoln, NE, USA) in Adventdalen,
and with an SBA-4 OEM CO2 Analyzer (PP Systems Inter-
national, Amesbury, MA, USA) at Latnjajaure. The
chambers were placed on top of permanent soil collars
(10 cm in diameter) to minimize soil disturbance during
the measurements. Data from Adventdalen snow-free
soils are also presented in Morgner et al. (2010 [this
issue]).

Measurements from snow-covered soil

The winter measurements (Table 1) of CO2 emissions
were achieved by air sampling, for both CO2 and the trace
gas, within and above the snowpack. To quantify diffu-
sion through the snow accurately an external trace gas,
SF6, was released through air-permeable membranes at
the bottom of the snowpack, with an exposed membrane
area of 75 cm2 (Accurel PP V8/2; Membrana, Wupertal,
Germany; Fig. 1). SF6 is an artificial trace gas that can be
detected down to a few ppb in natural environments.

Table 1 Sampling schedule for the period 2007–08 at Latnjajaure, northern Sweden, and Advent-
dalen, Svalbard; summer measurements were collected using an infrared gas analyser, and winter
measurements were taken through the snow using the trace gas technique described in this paper.

Latnjajaure Adventdalen

Summer Winter Summer Winter

2007
August 19 Aug 22 Aug
September 2 Sep 4 Sep
November/December — 28 Nov–3 Dec

2008
January/February 24–27 Jan 2–5 Feb
March 4–7 Mar 6–7 Mar
April 19–21 Apr 1–2 Apr
Early May — 6 May
Mid-May 16–19 May —
Late May 28 Maya 27–29 May 22 May
Early June 6 Juna 9 Junb 4–5 Jun
Mid-June 11 Jun 11 Jun
June/July 28 Jun–1 Jul 28 Jun
Mid-July 16–17 Jul 16 Jul
Late July — 29 Jul
August 26 Aug —

a The heath and meadow with shallow snow cover were free from snow.
b Measurements only obtained in the meadow snowbed because of waterlogged snow within the heath snowbed.

Fig. 1 Schematic overview of the gas diffusion technique. The trace gas,
SF6, is circulated by a pump (a) down to the air-permeable membrane (b),
which allows the trace gas to diffuse out into the surrounding snow. Air
samples were withdrawn with a syringe through 1.6-mm diameter tubing
attached to an avalanche probe (c), thereby allowing the sampling of air
(d) at distinct levels.

Comparison of Arctic CO2 effluxesM.P. Björkman et al.

Polar Research 29 2010 75–84 © 2010 the authors, journal compilation © 2010 Blackwell Publishing Ltd 77

Björkman et al., 2010 
10.1111/j.1751-8369.2010.00150.x

Seok et al 2009
10.1007/s10533-009-9302-3
Graham 2018

10.5194/bg-15-847-2018
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2 Methods

2.1 Continuous automated field monitoring

The primary motivation for establishing our field stations
was to determine the relationship between wind speed, snow-
pack ventilation, and snowpack CO2 concentration. The site
selected is on a plateau in a recovering boreal system at
North Mountain, Nova Scotia, Canada, in the Cape Breton
Highlands National Park. Wintertime snow patterns at North
Mountain allow for snowpacks of up to 3 m, with the last of
the snow melting in May or June, depending on the timing
and amount of snow in a given year. Average annual air tem-
perature at North Mountain is 5.1 �C (1999–2013). Average
winter air temperature is �6.1 �C (January–March, 1999–
2013). An insulating snowpack is often established before
soils have a chance to freeze completely. Therefore, soils
often remain above 0 �C throughout the winter, and over-
winter CO2 production from these soils is very likely (Gro-
gan and Jonasson, 2006; Larsen et al., 2007; Monson et al.,
2006), as soils produce CO2 down to �7 �C (Flanagan and
Bunnell, 1980; Coxson and Parkinson, 1987; Brooks et al.,
1996). Average annual wind speed is 17.3 km h�1, with high-
est wind speeds in the winter (20.7 km h�1, January–March,
1999–2013). High winds and variable meteorological condi-
tions (intense snow squalls, freeze–thaw cycles) create vary-
ing snow depths within close proximity (tens to hundreds of
metres).

Two measurement stations were installed 60 m apart at
North Mountain in late 2013, with data collection from
12 November 2013 to 26 March 2014 and 15 April to
29 April 2015. The sites are referred to as NM1 (North
Mountain 1: 46�4907.4100 N, 60�40020.1600 W) and NM2
(North Mountain 2: 46�4909.1500 N, 60�40018.6700 W). The
key environmental difference between the two sites was the
predictably differing snow depth. At each of the two stations,
CO2 concentration through the snow profile was measured at
three depths (0, 50, and 125 cm from the soil surface) using
Vaisala CARBOCAP® Carbon Dioxide Probe GMP343 sen-
sors. A Campbell Scientific CR3000 data logger was used
at NM1 and a Campbell Scientific CR1000 data logger was
used at NM2 to control the instrumentation, recording val-
ues every 30 min. To save power and to minimize potential
heating impacts, the GMP343 sensors were turned on for
10 min preceding measurement, a measurement was taken
averaged over 1 min, and then the sensors were turned off
for the remainder of the 30 min interval. Optics heaters of
the GMP343 sensors were kept off entirely, as there was
a very limited risk of condensation formation in the rela-
tively constant temperature environment of a snowpack. This
further reduced potential sensor heat from < 3.5 W (optics
heaters on) to < 1 W (optics heaters off). Together, turning the
GMP343 sensors off regularly and keeping the optics heaters
off at all times minimized any small potential heating impacts
of the sensors. Data were collected from the data loggers at

Anemometer

Solar panel

Snow depth 
sensor

Data logger

Snowpack CO2 
sensors

Figure 1. Schematic of initial (2014) CO2 monitoring stations
(NM1, NM2) at North Mountain, Cape Breton. Snowpack CO2 sen-
sors were at 0, 50, and 125 cm within the snowpack (diagram not to
scale).

the end of the winter. One BP Solar 50 W solar panel and one
Discover D12550 12 V battery were used to power each of
the two stations. Snow depth was measured at both stations
using SR50A Sonic Ranging Campbell Scientific sensors. A
Young Wind Monitor (model 05103) anemometer measured
wind speed at NM1. Figure 1 gives the general structure of
these stations.

To enhance the field campaign, adjustments were made to
the NM2 station for winter 2015 by adding additional CO2
measurements throughout the vertical profile. Specific mea-
surements recorded at NM2 include CO2 concentration at
5 cm depth in the soil and soil surface and at 25, 50, 75,
and 100 cm above the soil surface (in the snowpack). We
continued to record ambient air CO2 concentration, wind
speed, and snow depth. Measurement recording frequency
for all measurements was adjusted to hourly for 2015. The
profiler system for the enhanced concentration profile exper-
iment contained two Eosense eosGP (dual-channel nondis-
persive infrared) sensors to measure CO2 concentrations for
select time periods over the 2015 winter. A pump within the
station enclosure extracted air samples from the various sam-
pling locations via flexible nylon tubing, carrying the air to
the sensor. In-snow and in-soil terminal ends of nylon tubing
sampled from 550 mL PVC tubes that had openings covered
with high-density polyethylene membranes to exclude liquid
water. Data extracted from winter 2015 for analysis ranged
from 15 April to 29 April 2015.

www.biogeosciences.net/15/847/2018/ Biogeosciences, 15, 847–859, 2018



From Seok, Biogeochemistry (2009) 95:95–113 DOI 10.1007/s10533-009-9302-3 

CO2 flux from the snowpack is measured using the diffusion 
Fick’s law

A tower where CO2 concentration in snow is measured at 7 
different heights inside the snowpack

CO2 concentration is measured via a LI-COR 7000 IRGA 
placed in an underground laboratory  

A switcher alternates the sampling points - complete cycle 
takes 80 min; 18 cycles per day. 

The sampling manifold, calibration system, and data 
acquisition are controlled through an array of digital input/ 
output modules, temperature input components, and 
LabVIEW software 

INSTRUMENTATION for CO2 flux MEASURES THROUGH THE SNOWPACK
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2 Methods

2.1 Continuous automated field monitoring

The primary motivation for establishing our field stations
was to determine the relationship between wind speed, snow-
pack ventilation, and snowpack CO2 concentration. The site
selected is on a plateau in a recovering boreal system at
North Mountain, Nova Scotia, Canada, in the Cape Breton
Highlands National Park. Wintertime snow patterns at North
Mountain allow for snowpacks of up to 3 m, with the last of
the snow melting in May or June, depending on the timing
and amount of snow in a given year. Average annual air tem-
perature at North Mountain is 5.1 �C (1999–2013). Average
winter air temperature is �6.1 �C (January–March, 1999–
2013). An insulating snowpack is often established before
soils have a chance to freeze completely. Therefore, soils
often remain above 0 �C throughout the winter, and over-
winter CO2 production from these soils is very likely (Gro-
gan and Jonasson, 2006; Larsen et al., 2007; Monson et al.,
2006), as soils produce CO2 down to �7 �C (Flanagan and
Bunnell, 1980; Coxson and Parkinson, 1987; Brooks et al.,
1996). Average annual wind speed is 17.3 km h�1, with high-
est wind speeds in the winter (20.7 km h�1, January–March,
1999–2013). High winds and variable meteorological condi-
tions (intense snow squalls, freeze–thaw cycles) create vary-
ing snow depths within close proximity (tens to hundreds of
metres).

Two measurement stations were installed 60 m apart at
North Mountain in late 2013, with data collection from
12 November 2013 to 26 March 2014 and 15 April to
29 April 2015. The sites are referred to as NM1 (North
Mountain 1: 46�4907.4100 N, 60�40020.1600 W) and NM2
(North Mountain 2: 46�4909.1500 N, 60�40018.6700 W). The
key environmental difference between the two sites was the
predictably differing snow depth. At each of the two stations,
CO2 concentration through the snow profile was measured at
three depths (0, 50, and 125 cm from the soil surface) using
Vaisala CARBOCAP® Carbon Dioxide Probe GMP343 sen-
sors. A Campbell Scientific CR3000 data logger was used
at NM1 and a Campbell Scientific CR1000 data logger was
used at NM2 to control the instrumentation, recording val-
ues every 30 min. To save power and to minimize potential
heating impacts, the GMP343 sensors were turned on for
10 min preceding measurement, a measurement was taken
averaged over 1 min, and then the sensors were turned off
for the remainder of the 30 min interval. Optics heaters of
the GMP343 sensors were kept off entirely, as there was
a very limited risk of condensation formation in the rela-
tively constant temperature environment of a snowpack. This
further reduced potential sensor heat from < 3.5 W (optics
heaters on) to < 1 W (optics heaters off). Together, turning the
GMP343 sensors off regularly and keeping the optics heaters
off at all times minimized any small potential heating impacts
of the sensors. Data were collected from the data loggers at
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Figure 1. Schematic of initial (2014) CO2 monitoring stations
(NM1, NM2) at North Mountain, Cape Breton. Snowpack CO2 sen-
sors were at 0, 50, and 125 cm within the snowpack (diagram not to
scale).

the end of the winter. One BP Solar 50 W solar panel and one
Discover D12550 12 V battery were used to power each of
the two stations. Snow depth was measured at both stations
using SR50A Sonic Ranging Campbell Scientific sensors. A
Young Wind Monitor (model 05103) anemometer measured
wind speed at NM1. Figure 1 gives the general structure of
these stations.

To enhance the field campaign, adjustments were made to
the NM2 station for winter 2015 by adding additional CO2
measurements throughout the vertical profile. Specific mea-
surements recorded at NM2 include CO2 concentration at
5 cm depth in the soil and soil surface and at 25, 50, 75,
and 100 cm above the soil surface (in the snowpack). We
continued to record ambient air CO2 concentration, wind
speed, and snow depth. Measurement recording frequency
for all measurements was adjusted to hourly for 2015. The
profiler system for the enhanced concentration profile exper-
iment contained two Eosense eosGP (dual-channel nondis-
persive infrared) sensors to measure CO2 concentrations for
select time periods over the 2015 winter. A pump within the
station enclosure extracted air samples from the various sam-
pling locations via flexible nylon tubing, carrying the air to
the sensor. In-snow and in-soil terminal ends of nylon tubing
sampled from 550 mL PVC tubes that had openings covered
with high-density polyethylene membranes to exclude liquid
water. Data extracted from winter 2015 for analysis ranged
from 15 April to 29 April 2015.

www.biogeosciences.net/15/847/2018/ Biogeosciences, 15, 847–859, 2018

CO2 sensor: Vaisala CARBOCAP® Carbon Dioxide 
Probe

CO2 flux is measured using the diffusion Fick’s law

Tower: CO2 concentration in snow is measured at 4 
different heights inside the snowpack + 5 cm in the 
soil + in ambient air

Datalogger: Campbell Scienjfic 

Data are collected at the end of the season
Low maintenance needed - the system can be 
le\ una]ended – no piping and no risk of 
clogging
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2 Methods

2.1 Continuous automated field monitoring

The primary motivation for establishing our field stations
was to determine the relationship between wind speed, snow-
pack ventilation, and snowpack CO2 concentration. The site
selected is on a plateau in a recovering boreal system at
North Mountain, Nova Scotia, Canada, in the Cape Breton
Highlands National Park. Wintertime snow patterns at North
Mountain allow for snowpacks of up to 3 m, with the last of
the snow melting in May or June, depending on the timing
and amount of snow in a given year. Average annual air tem-
perature at North Mountain is 5.1 �C (1999–2013). Average
winter air temperature is �6.1 �C (January–March, 1999–
2013). An insulating snowpack is often established before
soils have a chance to freeze completely. Therefore, soils
often remain above 0 �C throughout the winter, and over-
winter CO2 production from these soils is very likely (Gro-
gan and Jonasson, 2006; Larsen et al., 2007; Monson et al.,
2006), as soils produce CO2 down to �7 �C (Flanagan and
Bunnell, 1980; Coxson and Parkinson, 1987; Brooks et al.,
1996). Average annual wind speed is 17.3 km h�1, with high-
est wind speeds in the winter (20.7 km h�1, January–March,
1999–2013). High winds and variable meteorological condi-
tions (intense snow squalls, freeze–thaw cycles) create vary-
ing snow depths within close proximity (tens to hundreds of
metres).

Two measurement stations were installed 60 m apart at
North Mountain in late 2013, with data collection from
12 November 2013 to 26 March 2014 and 15 April to
29 April 2015. The sites are referred to as NM1 (North
Mountain 1: 46�4907.4100 N, 60�40020.1600 W) and NM2
(North Mountain 2: 46�4909.1500 N, 60�40018.6700 W). The
key environmental difference between the two sites was the
predictably differing snow depth. At each of the two stations,
CO2 concentration through the snow profile was measured at
three depths (0, 50, and 125 cm from the soil surface) using
Vaisala CARBOCAP® Carbon Dioxide Probe GMP343 sen-
sors. A Campbell Scientific CR3000 data logger was used
at NM1 and a Campbell Scientific CR1000 data logger was
used at NM2 to control the instrumentation, recording val-
ues every 30 min. To save power and to minimize potential
heating impacts, the GMP343 sensors were turned on for
10 min preceding measurement, a measurement was taken
averaged over 1 min, and then the sensors were turned off
for the remainder of the 30 min interval. Optics heaters of
the GMP343 sensors were kept off entirely, as there was
a very limited risk of condensation formation in the rela-
tively constant temperature environment of a snowpack. This
further reduced potential sensor heat from < 3.5 W (optics
heaters on) to < 1 W (optics heaters off). Together, turning the
GMP343 sensors off regularly and keeping the optics heaters
off at all times minimized any small potential heating impacts
of the sensors. Data were collected from the data loggers at
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Figure 1. Schematic of initial (2014) CO2 monitoring stations
(NM1, NM2) at North Mountain, Cape Breton. Snowpack CO2 sen-
sors were at 0, 50, and 125 cm within the snowpack (diagram not to
scale).

the end of the winter. One BP Solar 50 W solar panel and one
Discover D12550 12 V battery were used to power each of
the two stations. Snow depth was measured at both stations
using SR50A Sonic Ranging Campbell Scientific sensors. A
Young Wind Monitor (model 05103) anemometer measured
wind speed at NM1. Figure 1 gives the general structure of
these stations.

To enhance the field campaign, adjustments were made to
the NM2 station for winter 2015 by adding additional CO2
measurements throughout the vertical profile. Specific mea-
surements recorded at NM2 include CO2 concentration at
5 cm depth in the soil and soil surface and at 25, 50, 75,
and 100 cm above the soil surface (in the snowpack). We
continued to record ambient air CO2 concentration, wind
speed, and snow depth. Measurement recording frequency
for all measurements was adjusted to hourly for 2015. The
profiler system for the enhanced concentration profile exper-
iment contained two Eosense eosGP (dual-channel nondis-
persive infrared) sensors to measure CO2 concentrations for
select time periods over the 2015 winter. A pump within the
station enclosure extracted air samples from the various sam-
pling locations via flexible nylon tubing, carrying the air to
the sensor. In-snow and in-soil terminal ends of nylon tubing
sampled from 550 mL PVC tubes that had openings covered
with high-density polyethylene membranes to exclude liquid
water. Data extracted from winter 2015 for analysis ranged
from 15 April to 29 April 2015.

www.biogeosciences.net/15/847/2018/ Biogeosciences, 15, 847–859, 2018

Snow depth sensor

From: Explaining CO2 fluctua1ons observed in snowpacks 
Laura Graham and David Ris
Biogeosciences, 15, 847–859, 2018 
hAps://doi.org/10.5194/bg-15-847-2018

Data needed: 
DCO2 = Diffusivity of CO2 in snow
Calculated empirically from
- Snowpack porosity
- Snowpack tortuosity
- Diffusion coefficient of CO2



Challenge  # 2

Minimising
propagation of errors 
in applying Fick’s law



Sources of error  in CO2 flux measurements

Question: in-field measured parameters errors effects on CO2 flux? 

DCO2 = Diffusivity of CO2 in snow +  dCO2/dz

DCO2 = Calculated empirically from:

- Snowpack porosity

- Snowpack tortuosity

- Diffusion coefficient of CO2

dCO2/dz = > DCO2/Dz  in max 4 intervals when the 
instruments all all covered with snow

Data needed: 

calculated from 
snow density



Challenge  # 3

Understanding 
microbiological 
functions in 
Arctic winter soil



Major challenges in

understanding the biogeochemical functions of 
the Arctic microbial communities

§ WHO IS THERE? Assuring that we properly detect the seasonal changes in 
the microbial community composition through a sufficient number of time 
and space replicates 

• WHAT ARE THEY DOING? In situ- measurements of extracellular 
enzymaNc acNviNes will let us know what metabolic funcNons are acNve in the 
ArcNc winter soil

§ WHAT CAN THEY DO? Understanding the biogeochemically-relevant 
funcNons through metagenomic sequencing 



Challenge  # 4

Selecting and 
estimating the 
process based 

models 
equations and  

parameters



Modelling - From the proposal: 

“The collected data……will be used to develop a suite of 
models to explicitly simulate winter and year-round soil 
processes and enable the forecasting of biological and 
physical changes due to climate forcing, thanks to the 
modelling expertise of the proponents. Such models…..could 
be used as stand-alone, or inserted as modules in 
local/regional atmospheric models, providing the lower 
boundary conditions at soil/snow/vegetation interface”. 



The Carbon integrated observatory 
Data available through SIOS and CNR Virtual Research Environments

Eddy covariance 
measuring of CO2 fluxes Modelling CO2 fluxes drivers

Satellite-based 
monitoring 
of the tundra vegetajon

L. Graham and D. Risk: Gas transport in winter snowpacks 849

2 Methods

2.1 Continuous automated field monitoring

The primary motivation for establishing our field stations
was to determine the relationship between wind speed, snow-
pack ventilation, and snowpack CO2 concentration. The site
selected is on a plateau in a recovering boreal system at
North Mountain, Nova Scotia, Canada, in the Cape Breton
Highlands National Park. Wintertime snow patterns at North
Mountain allow for snowpacks of up to 3 m, with the last of
the snow melting in May or June, depending on the timing
and amount of snow in a given year. Average annual air tem-
perature at North Mountain is 5.1 �C (1999–2013). Average
winter air temperature is �6.1 �C (January–March, 1999–
2013). An insulating snowpack is often established before
soils have a chance to freeze completely. Therefore, soils
often remain above 0 �C throughout the winter, and over-
winter CO2 production from these soils is very likely (Gro-
gan and Jonasson, 2006; Larsen et al., 2007; Monson et al.,
2006), as soils produce CO2 down to �7 �C (Flanagan and
Bunnell, 1980; Coxson and Parkinson, 1987; Brooks et al.,
1996). Average annual wind speed is 17.3 km h�1, with high-
est wind speeds in the winter (20.7 km h�1, January–March,
1999–2013). High winds and variable meteorological condi-
tions (intense snow squalls, freeze–thaw cycles) create vary-
ing snow depths within close proximity (tens to hundreds of
metres).

Two measurement stations were installed 60 m apart at
North Mountain in late 2013, with data collection from
12 November 2013 to 26 March 2014 and 15 April to
29 April 2015. The sites are referred to as NM1 (North
Mountain 1: 46�4907.4100 N, 60�40020.1600 W) and NM2
(North Mountain 2: 46�4909.1500 N, 60�40018.6700 W). The
key environmental difference between the two sites was the
predictably differing snow depth. At each of the two stations,
CO2 concentration through the snow profile was measured at
three depths (0, 50, and 125 cm from the soil surface) using
Vaisala CARBOCAP® Carbon Dioxide Probe GMP343 sen-
sors. A Campbell Scientific CR3000 data logger was used
at NM1 and a Campbell Scientific CR1000 data logger was
used at NM2 to control the instrumentation, recording val-
ues every 30 min. To save power and to minimize potential
heating impacts, the GMP343 sensors were turned on for
10 min preceding measurement, a measurement was taken
averaged over 1 min, and then the sensors were turned off
for the remainder of the 30 min interval. Optics heaters of
the GMP343 sensors were kept off entirely, as there was
a very limited risk of condensation formation in the rela-
tively constant temperature environment of a snowpack. This
further reduced potential sensor heat from < 3.5 W (optics
heaters on) to < 1 W (optics heaters off). Together, turning the
GMP343 sensors off regularly and keeping the optics heaters
off at all times minimized any small potential heating impacts
of the sensors. Data were collected from the data loggers at
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Figure 1. Schematic of initial (2014) CO2 monitoring stations
(NM1, NM2) at North Mountain, Cape Breton. Snowpack CO2 sen-
sors were at 0, 50, and 125 cm within the snowpack (diagram not to
scale).

the end of the winter. One BP Solar 50 W solar panel and one
Discover D12550 12 V battery were used to power each of
the two stations. Snow depth was measured at both stations
using SR50A Sonic Ranging Campbell Scientific sensors. A
Young Wind Monitor (model 05103) anemometer measured
wind speed at NM1. Figure 1 gives the general structure of
these stations.

To enhance the field campaign, adjustments were made to
the NM2 station for winter 2015 by adding additional CO2
measurements throughout the vertical profile. Specific mea-
surements recorded at NM2 include CO2 concentration at
5 cm depth in the soil and soil surface and at 25, 50, 75,
and 100 cm above the soil surface (in the snowpack). We
continued to record ambient air CO2 concentration, wind
speed, and snow depth. Measurement recording frequency
for all measurements was adjusted to hourly for 2015. The
profiler system for the enhanced concentration profile exper-
iment contained two Eosense eosGP (dual-channel nondis-
persive infrared) sensors to measure CO2 concentrations for
select time periods over the 2015 winter. A pump within the
station enclosure extracted air samples from the various sam-
pling locations via flexible nylon tubing, carrying the air to
the sensor. In-snow and in-soil terminal ends of nylon tubing
sampled from 550 mL PVC tubes that had openings covered
with high-density polyethylene membranes to exclude liquid
water. Data extracted from winter 2015 for analysis ranged
from 15 April to 29 April 2015.

www.biogeosciences.net/15/847/2018/ Biogeosciences, 15, 847–859, 2018

CO2 fluxes from snowpack

Measuring the active layer 
depth and snow height



…..Thanks a lot!


