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Abstract  

Wintertime carbon dioxide (CO2) emissions from tundra soils likely make a sizable contribution to terrestrial annual 

Arctic carbon budgets. However, poor availability of wintertime CO2 flux measurements limits current capacity to quantify 

the magnitude and variability of non-growing season carbon emissions from Arctic soils, and identify key environmental 

drivers of CO2 production and release. To address this, low-cost CO2 logging systems were developed and deployed in 20 

snowpacks at Trail Valley Creek, NT, Canada during late winter periods in 2021-2022 and 2022-2023. CO2 fluxes calculated 

from sub-hourly gradients in CO2 concentrations demonstrated consistent positive (ground-to-atmosphere) emissions, with 

median flux rates of 0.03 to 0.35 g C m-2 d-1, across a range of vegetation types (shrub, tree, tussock) and snow depths (34-136 

cm).  Stable carbon isotope (δ13C-CO2) analyses confirmed isotopic enrichment of CO2 at the base of the snowpack originating 

from soil emission, and that snowpack gases mixed sequentially with atmospheric CO2 as they travelled through upper snow 25 

layers. Snowpack CO2 concentration gradients and resultant fluxes were impacted by seasonal increases in air and soil 

temperatures, especially as near-ground gas temperatures approached the zero-curtain (0oC) threshold during the winter-spring 

transition. Positive relationships between CO2 flux and warming subnivean temperatures across the study site were similar in 

magnitude to those observed in pan-Arctic winter syntheses. Our results highlight that low-cost sensors may provide a robust 

and scalable method for monitoring the spatial variability of in-situ winter CO2 fluxes through snow at high temporal resolution 30 

and provide unique insights into winter carbon processes.  
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1. Introduction 

Arctic and sub-Arctic regions store more than half the soil organic carbon on Earth, predominantly within permafrost 

(i.e. continuously frozen ground; Boike et al., 2023; Schuur et al., 2015). Permafrost thaw could contribute an additional 67 to 35 

237 billion metric tons of carbon to the atmosphere by 2100 (Schuur et al., 2022) due to amplified Arctic warming (Box et al., 

2019; Previdi et al., 2021; Yamanouchi and Takata, 2020). While in recent decades the Arctic has warmed up to four times 

faster than the global average (Rantanen et al., 2022), mean seasonal warming is most pronounced in winter (Giesse et al., 

2024). Wintertime carbon emissions will increasingly contribute to annual Arctic carbon budgets (Bruhwiler et al., 2021; 

Euskirchen et al., 2012; Fahnestock et al., 1998, 1999; Oechel et al., 2014; Welker et al., 2000), with terrestrial cold season 40 

emissions projected to increase under future warming (Rafat et al., 2021; Webb et al., 2016), potentially offsetting growing 

season carbon uptake across the permafrost region (Euskirchen et al., 2016; Natali et al., 2019). 

Existing winter measurements of carbon fluxes in snow-covered Arctic environments are highly spatially and 

temporally limited (Arndt et al., 2023; Mavrovic et al., 2023; Virkkala et al., 2022), with often considerable variability between 

existing measurement techniques (Björkman et al., 2010; Rains et al., 2016). Despite dissimilar methodological approaches 45 

creating variability in the magnitude of CO2 fluxes (e.g. Celis et al., 2017), it is often necessary to aggregate fluxes across a 

range of measurement techniques to estimate winter CO2 emissions across the circumpolar Arctic (Natali et al., 2019). 

Measurement of fluxes using chambers suffer from snow burial, pressure effects and freezing of external moving parts (Arndt 

et al., 2023; Virkkala et al., 2018) as well as perturbing the snow thermal regime, making eddy covariance (EC), mounted on 

towers with no external moving parts, more suitable for winter measurements. Open-path EC is appropriate for remote 50 

measurements reliant on battery power and low maintenance requirements, but can be subject to increased data loss especially 

in harsh meteorological conditions, e.g. winter precipitation and icing of sensors (Arndt et al., 2023; Goodrich et al., 2016), 

with high measurement noise relative to seasonally low carbon fluxes. Closed-path EC substantially reduces data loss, but 

requires higher power and maintenance demands which are challenging to meet in remote environments (Hanis et al., 2013). 

In addition, both open- and closed-path EC measurement methods can be subject to high uncertainties as flux magnitudes are 55 

low and rely on empirical corrections, which often do not strictly satisfy underpinning atmospheric stability assumptions 

(Jentzsch et al., 2021a, b; Webb et al., 1980). Consequently, continuous wintertime measurements are only made at a handful 

of sites across the Arctic (e.g., Pallandt et al., 2021).  

EC footprints aggregate fluxes across surfaces 10 - 100 m2 in extent, which obscures localised CO2 emission processes 

(e.g. Pirk et al., 2017) that have non-linear responses to changes in the surrounding environment, particularly changes in soil 60 

temperature and moisture conditions. Although localised emissions in Arctic environments are now beginning to be statistically 

disaggregated and upscaled within EC footprints (Pirk et al., 2024), CO2 flux measurements within snow-covered EC footprints 

are not always in agreement with EC tower fluxes (e.g. Kade et al., 2012), suggesting finer-scale data are required to account 

for sub-footprint heterogeneity in emission processes. Measurements of vertical CO2 concentration profiles in snow (Mavrovic 

et al., 2023; Seok et al., 2009), used to calculate fluxes using the diffusion gradient method (Sommerfeld et al., 1993), offer 65 

the potential to isolate spatially heterogeneous emission processes from footprint-scale aggregation and address this 

measurement gap. However, snapshots in time of vertical CO2 concentration profiles do not account for any temporal 

fluctuations in CO2 emission, either due to temperature and moisture controls on soil respiration rates (Mavrovic et al., 2023) 

or due to wind pumping within the snowpack (Graham and Risk, 2018; Seok et al., 2009). Recent advances in low-cost non-

dispersive infrared (NDIR) CO2 sensor technology provide a cost and labour-efficient alternative to traditional measurements, 70 

such as manual snowpack gas sampling or soda-lime based chambers (Bastviken et al., 2015; Thanh Duc et al., 2020), but 

have yet to be tested in winter snow environments.   
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Untangling source contributions is also useful for understanding processes controlling CO2 fluxes. Although soil 

respiration provides the most obvious source of subnivean CO2, processes such as wind pumping (e.g. Colbeck, 1997) may 

suggest subnivean CO2 as being sourced from the atmosphere. Soil respiration has a considerably more negative isotopic 75 

signature to background atmospheric CO2 (Tu and Dawson, 2005), and thus stable carbon isotope analysis allows the relative 

contribution of atmospheric or soil derived endmembers to be estimated.  

Here we examine the potential for low-cost CO2 sensors to:  

1. Quantify temporal variability in CO2 fluxes through snowpacks across contrasting vegetation, snowpack depths and 

soil types  80 

2. Assess the development of CO2 concentration gradients within snowpacks and their response to short-term 

disturbances such as wind-pumping using concurrent measurements of CO2 concentrations, fluxes and stable carbon 

isotopes (δ13C-CO2) 

3. Investigate the timing and magnitude of CO2 fluxes in response to seasonal warming and the onset of snowmelt 

2. Methods 85 

2.1: Fabrication and Deployment of low-cost CO2 logging systems 

Low-cost (~ €250) CO2 concentration logging systems were developed after Bastviken et al., (2015), with modifications 

to provide a headspace for snowpack gas diffusion and to reduce power requirements. Modifications were progressively made 

across two field campaigns, resulting in two sensor designs: version 1 (2022) and version 2 (2023). Version 1 used a widely 

commercially available Sensirion SCD30 NDIR CO2 sensor (Sensirion AG, Stäfa, Switzerland), with simple to implement 90 

Arduino libraries and integration (e.g. I2C communications), and built-in temperature and relative humidity sensors. Sensirion 

SCD30 sensors were soldered to an Arduino Uno R3 shield (Arduino, Ivrea, Italy) alongside an SD card reader and real-time 

clock, mounted on an Arduino Uno (R3) for unsupervised data collection logging (Figure 1a). The Arduino and sensor shield 

were powered using alkaline 6 D-Cell batteries (9V) and housed in a watertight plastic box with dimensions 230 x 300 x 

85 mm (Figure 1a & b). Boxes were pale in colour to reduce the potential for radiative heating below the snow surface 95 

(Lundberg et al., 2016). Ten 2 cm diameter holes were drilled in the lid of each box, and covered by a waterproof gas-permeable 

membrane (Polyflon Technology Limited, Stafford, UK) to maintain an equilibration between gases within the snowpack and 

the box. The membrane was held in place using epoxy glue and rubberised paint (Plasti-Dip UK, Hampshire, UK). Desiccant 

bags were added inside boxes to reduce condensation and limit potential for water damage to electronics (Bastviken et al., 

2015).  100 

Version 2 incorporated the ELG K33 NDIR CO2 sensor (Senseair AB, Delsbo, Sweden) to reduce power demand, and 

added an external temperature and humidity sensor (DHT 22; Figure 1c) to provide independent measurements of air 

conditions (instead of the internal measurements used for sensor corrections). The sensor board was mounted within a small 

plastic box with dimensions 100 x 65 x 40 mm to create a smaller self-contained headspace than version 1 to improve rates of 

gas equilibration with external snowpack gases and to separate the Arduino from ongoing exposure to high humidities (Figure 105 

1c).  Gases permeated through two 2 cm diameter holes (Figure 1d), covered with the same membrane as version 1, connecting the 

internal headspace to gases within the snowpack. Solar charging units (DFRobot, DFR0580) were used to trickle charge sealed 

lead-acid batteries (12V, 7Ah) with a small (25 x 20 cm, 5W) solar panel mounted on vertical wooden stakes above the 

estimated maximum snowpack height. Battery recharge allowed for substantially longer measurement duration (Table 1) and 

greater environmental sustainability. In addition, Arduino power use was reduced by incorporation of a timer breakout 110 

(Adafruit TPL5110), and the sampling frequency of CO2 concentration measurements was reduced from 1 min (version 1) to 

10 min (version 2) to reduce power draw, thereby collectively extending the measurement period from days to weeks (Table 1). 
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Calibration of CO2 sensors (version 1) was performed using an infrared gas analyser (UGGA; Los Gatos Research, 

San Jose, California) in an air-tight Perspex chamber containing standard calibration gases (399 ppm; LindeCanada, Edmonton, 

Alberta). All sensors sampled CO2 every 10 s for 1 hour. The offset between the mean measured UGGA concentration and 115 

sensor concentration were then calculated and applied as a single-point correction. The Sensirion SCD30 sensor is specified to 

an accuracy of ±30ppm (± 3% of absolute range) and precision of ±10ppm. Initial chamber calibrations suggested significant 

offsets in initial CO2 concentrations relative to the standard (±200 ppm), but within or near specification once baseline 

corrected to a single point (± 13 to 33 ppm). Residual scatter suggested instantaneous precision of 10 to 20 ppm for single 

measurements, yet likely single digit (2 to 5 ppm) after 30-minute aggregation (30 measurements).  120 

Calibration of version 2 CO2 sensors used an alternative field ready approach. Initial laboratory testing demonstrated 

that the Senseair K33 sensors similarly had significant offsets in CO2 accuracy direct from manufacture (ranging from -102 to 

+118 ppm) and that these offsets were relatively stable and systematic over environmentally relevant concentrations (400 to 

900 ppm). To account for these offsets under realistic conditions, both sensors were left to measure simultaneously on the 

snow surface prior to burial (ca. 60 minutes), and the offset between these two concentrations applied as a single fixed 125 

correction to the upper sensor (avoiding the need for calibration gases in remote deployments). The K33-based systems 

exhibited excellent instantaneous precision and low noise (1.4 to 1.7 ppm), with estimated 30-minute precision of 0.87 to 1.15 

ppm (3 measurements). Both the SDC30 and K33 sensors automatically corrected for temperature effects (including self-

warming) using manufacturers built-in compensation. No additional temperature or pressure corrections were applied.  

Prior to initial deployment, field tests showed sensors took less than 12 hours to equilibrate to ambient temperature, humidity and 130 

CO2 concentration within the snowpack after deployment. Sensor pairs were discounted if calibrated measurements gave 

consistent CO2 concentrations lower than 400 ppm for either sensor, which was found at one site in the first field campaign. 

Additionally, sensors at an additional microsite were discarded due to the presence of an ice lens in the upper part of the 

snowpack (as noted during snow density characterisation) causing recirculation of air within the snowpack, thereby 

invalidating assumptions of Fick’s second law of diffusion during the flux calculation. 135 

2.2: Site Characterisation and Sensor Deployment  

Measurements of CO2 concentration were undertaken at Trail Valley Creek (TVC; 68°45’N, 133°30’W), a 57 km2 

forest-tundra ecotone research watershed located in the Inuvialuit Settlement Region, approximately 55 km north-east of 

Inuvik, NT, Canada. Ground cover at TVC consists mainly of mineral upland tundra, with shrub patches, tussocks, small 

lakes, and isolated spruce stands (Grünberg and Boike, 2019) (Figure 2). The site has continuous permafrost to a depth of 350 140 

- 500 m (Wilcox et al., 2019), with a maximum seasonally unfrozen active layer reaching depths of up to 1 m at the end of the summer 

(Grünberg et al., 2020). The TVC meteorological station (Tutton et al., 2026; for location see Figure 2) provided half-hourly 2 m air 

temperatures (HMP35CF sensor, Campbell Scientific, Logan, Utah) and wind speed (05103-10 wind monitor, R.M. Young, 

Traverse City, Michigan). 

Logger deployment microsites across the wider TVC site were selected to cover a range of different vegetation types 145 

(Figure 2) which act as a proxy for different soil properties, hydrological and micro-meteorological conditions (including 

active layer depth). Within vegetation types, specific microsite locations were informed by point measurements of wintertime 

CO2 fluxes from Mavrovic et al. (2023), in order to maximise the potential range of measured fluxes whilst targeting microsites 

where fluxes were likely to be larger than instrumental error. Snow depth transects characterising the statistical distribution of 

snow depth in the study area (~1000 depth measurements over 1 km transects) were used to refine exact sampling locations 150 

to be representative of snow depth variability within vegetation types for sensor deployment and isotopic measurements. At 

each microsite (Figure 2), measurements were made of total snow depth plus vertical profiles of snow stratigraphy, density, 

and temperature (after Fierz et al., 2009) immediately prior to sensor deployment in late March. In 2022, snow density profiles 

were made at a 3 cm vertical resolution using a 100 cm3 box cutter (Conger and McClung, 2009). In 2023, Snow 
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MicroPenetrometer (SMP; Proksch et al., 2015) force profiles were used to derive snow densities using parameters described 155 

by Dutch et al., (2022). Porosity and tortuosity were estimated from measured snow densities at each microsite using Equations 

3 and 4. Finally, pairs of low-cost logging systems were inserted into the face of each snowpit in carefully excavated holes 

in the snowpit wall (Figure 1e) and their relative heights within vertical profiles were noted. The lower sensor was as close 

to the snow: ground interface as possible (not always possible due to the presence of shrubs) and the upper sensor was located 

in the upper part of the wind slab layer. Snowpits were then immediately backfilled with snow, and sensor measurements were 160 

only considered after 12 hours, once CO2 equilibrium conditions had returned to the snowpack profile. 

2.3: Calculating CO2 Flux 

Diffusive fluxes (FCO2 ) of CO2 were calculated from concentration differences between the top and bottom of the 

snowpack as per Seok et al. (2009) & Sommerfeld et al. (1993): 

𝐹𝑐𝑜2
=  𝜑𝑡𝐷𝐶𝑂2

Δ𝐶𝑂2 (1) 165 

 

where ∆CO2 is equal to the difference in CO2 concentration between upper and lower sensors within the snowpack, DCO2 

equals the diffusivity of CO2 and φ and t represent the porosity and tortuosity of the snowpack respectively. Snow density, 

porosity and tortuosity was considered constant throughout the duration of the sensor deployments. DCO2 is calculated as a 

function of temperature (Air - Diffusion Coefficients of Gases in Excess of Air, 2023): 170 

𝐷𝐶𝑂2
=

(0.000001𝑇2 + 0.001𝑇 + 0.139)

10000
(2) 

 

where T (in °C) is the mean temperature of gas towards the base of the snowpit. Snow tortuosity (t) was estimated from the 

porosity (φ) of the snowpack: 

𝑡 = 1 − (1 − 𝜑)
2
3 (3) 175 

with φ in turn estimated from the snow density (ρsnow) and the density of ice (ρice): 

𝜑 =  1 −
𝜌𝑠𝑛𝑜𝑤

𝜌𝑖𝑐𝑒

(4) 

after Filippa et al. (2009). A value of 917 kg m-3 was used for the density of ice, where identified in the stratigraphic profiles, 

or for the tortuosity calculation. As air temperatures were well below freezing, all snow was dry at the time of sensor 

installation and assumed to stay dry for the duration of the measurements. 180 

2.4: Isotopic Gas Measurements and Bayesian Mixing Model 

To identify the relative contributions of soil and atmospheric sources to CO2 within the snowpack, we measured the stable 

isotopic composition of CO2 (δ13C-CO2, henceforth δ13C). Stable carbon isotopes have been used to examine net CO2 exchange 

across a variety of landscapes (Ehleringer et al., 2002; Tu and Dawson, 2005; Zhu et al., 2019), and from incubations in frozen 

tundra soils (Pedron et al., 2023), but rarely in snowpacks (though see Bowling et al., 2009). Vertical profiles of CO2 and δ13C 185 

were collected at all four 2022 microsites, plus 5 additional locations close to the TVC meteorological tower (CA-TVC in the 

AmeriFlux network, Graveline et al., 2024; Figure 2 - grey dots). Additionally, CO2 and δ13C profiles were collected daily for 

six days (22 - 27 March 2022; between 11:00 and 20:00 local time) at a location approximately 50 m north of the TVC 

tower to examine the  temporal variability in snowpack CO2 provenance over time. Atmospheric air samples were also 

collected at 3 heights above the snow surface (0.5, 1 and 1.5 m), in order to provide an end member for the isotope ratio mixing 190 

model. Samples were collected using 60 ml gas-tight syringes (plastic with butyl rubber) connected via a 3-way stopcock to a 

graduated hollow steel rod inserted vertically from the surface into the snowpack. Two 60 ml syringe samples were taken at 

each of four depths (just below the snow surface, in the middle of both the wind slab and depth hoar layers and at the base of 
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the snowpack) within the snowpack stratigraphy using the steel rod, and two samples were collected just above the snowpack 

surface to capture the snow-atmosphere boundary (see Appendix A). For each depth, gas in the first syringe was analysed for 195 

CO2 concentrations using an infrared CO2 and H2O gas analyser (Li-COR LI-850; Li-COR Environmental, Lincoln, Nebraska). 

Gas from the second syringe was injected into pre-evacuated exetainer vials (Labco Ltd, Lampeter, UK) with a double-wadded 

septum for laboratory analysis of δ13C. These 12ml vials were over-pressured with approximately 25 ml of sample (at 

atmospheric pressure) to minimise the likelihood of atmospheric contamination and to increase the sample amount for later 

laboratory analysis.  200 

Details of the isotopic method and information required to conform with data standards for isotope geochemistry as laid 

out by Skrzypek et al., (2022), including the uncertainty of δ13C ratios, are as follows. Two in-house gas standards for isotope 

measurement were prepared by evolving CO2 from in-house carbonate standards (‘Plessen’ [marble calcite], and ‘Pol2’ 

[speleothem calcite]; >1.95 g/ml phosphoric acid). Evolved CO2 was cryogenically purified on a manual vacuum line with three 

passes through a -90ºC slush trap (Godwin Laboratory, Cambridge University, UK) and then diluted with ‘zero air’ (air mix 205 

with CO2 removed, BOC Ltd) to produce gas mixtures with comparable concentrations to snowpack gas samples. Three 

commercially available air-like mixtures with certified CO2 concentrations of 310, 640, and 1022 +/- 10 ppm (balance zero 

air; BOC Ltd) were used to estimate concentration, and alongside the in-house gas mixtures, monitor linearity, drift, and 

instrument performance. δ13C and CO2 concentrations were measured using a Thermo Fisher Gasbench II coupled to a Delta V 

isotope ratio mass spectrometer (IRMS) via a Conflo IV, with the GasBench II GC oven temperature set to 50 ºC.  Timed dilution 210 

was used to ‘blank’ gases other than CO2 after Levitt (2014); dilution was timed to stop two and a half seconds before CO2 

peaks to minimize fractionation. This strategy removed the majority of undesired gases eluting prior to CO2. The IRMS method 

was otherwise identical to standard continuous flow-IRMS methods used for measurement of solid carbonate samples, e.g. Spötl 

and Vennemann (2003), with normalization of in-house gas standards and supplied gas mixtures following Kim et al. (2015) 

using at least four each of NBS18 and NBS19 in a set of initial calibration runs. Initial data correction steps were performed 215 

in Isodat (ThermoFisher Scientific), with working gas compositions determined also via normalization to NBS18 and NBS19. 

The in-house gas mixtures were used to normalize samples on a per measurement sequence basis, where at least 5 of each of 

the supplied and in-house prepared gas mixtures were measured alongside samples. Linearity and drift corrections were not 

applied, as these did not improve precision. Separate aliquots of in-house Pol2 gas standard (the most similar to sample isotopic 

composition), were used as a monitor standard to check for internal consistency and assess the quality of the normalization 220 

procedure. Over the course of all runs, the average δ13C-CO2 value of the Pol2 gas mixture was -6.9 ‰ (n = 45, σ = 0.4 ‰; all 

δ13C values in this paper are given in VPDB). Uncertainty per measurement sequence was calculated as the standard deviation 

of corrected δ13C values for all samples of in-house standards in each run, with a maximum value of 0.49‰. CO2 concentrations 

were estimated using a linear regression through the results of the three supplied gas mixtures, also calculated on a per run 

basis; CO2 concentration uncertainty was typically less than 5 ppm (< 1%), with a maximum of 15 ppm (2.7%) for some 225 

measurements.  

The R package MIXSIAR (v3.1.12; Stock et al., 2018) was used to develop a Bayesian tracer-mixing model to estimate 

atmospheric and soil source contributions. Air samples collected from above the snow surface (at 0.5 to 1 m height) were 

combined to calculate the mean and standard deviation in the atmospheric CO2 endmember (-10.7 ± 1.1, n = 20). Soil 

endmembers were determined from measurements of δ13C in bulk soils from TVC (-26.3 ± 0.6, n = 54) covering a range of 230 

organic, mineral and mixed transitional soils and permafrost (Voight, Pers Comm).  To account for δ13C bulk soil OM 

fractionation into respired CO2 we allow a discrimination factor of +2 ± 1 ‰ (Boström et al., 2007; Nickerson and Risk, 2009). 

To evaluate the relative importance of environmental controls on CO2 concentrations, we compared four models; 1) Null (no 

explanatory structure), 2) snow depth as a continuous covariate, 3) plant functional type as a random effect, and 4) both snow 

depth and plant functional type simultaneously. All Markov chain Monte Carlo models runs used a chain length 1,000,000 235 
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iterations, and performance was compared using leave one out information criterion scores (LOOIC; MixSIAR GUI User 

Manual. Version 3.1).    

 3. Results 

3.1: CO2 Flux and Provenance in Winter Snowpacks 

Median CO2 fluxes measured across all microsites and measurement periods indicate consistently positive emissions 240 

from soil to the atmosphere, ranging from 0.03 to 0.35 g C m-2 day-1 (Figure 3). The inter-quartile range (IQR) of CO2 fluxes 

are similar at all microsites except for the sparsely forested microsite (TRE), which displayed statistically higher emissions 

(Kruskal-Wallis ANOVA; p < 0.0001).  

Soil-derived CO2 had a greater influence on the isotopic composition of higher CO2 concentrations within snowpacks. 

Stable carbon isotope ratios showed a statistically significant negative linear relationship and high model fit (R2 = 0.84, p < 245 

0.0001) with CO2 concentrations (Figure 44a). More negative δ13C ratios, indicating a greater abundance of soil-derived CO2 

(Tu and Dawson, 2005), were associated with higher CO2 concentrations that were commonly found towards the base of a 

snowpack. Consequently, emission of soil-derived CO2 drives positive CO2 fluxes through the snowpack towards the 

atmosphere (R2 = 0.68, p = 6 x 10-4; Figure 4b), with a reasonable fit between warmer gas temperatures at the lower sensors 

and increased soil-derived fluxes (R2 = 0.50, p = 7 x 10-4; Figure 4c). Warmer mean gas temperatures at the lower sensors in 250 

2023 (-10 to -16 °C in 2023 compared to -15 to -20 °C in 2022) were indicative of a longer duration measurement period 

extending through April and May, incorporating the influence of a seasonally warming atmosphere.  

No strong associations were evident between median CO2 flux magnitudes and snow depth. For example, the highest 

CO2 fluxes were found at the forest microsite (TRE) with a snow depth of 120 cm, while low fluxes were evident at shrub 

microsites (TSH and RSH) with similar snow depths to TRE. However, Bayesian model comparisons indicated strong support 255 

for models including snow depth as a continuous covariate, with increasing snow depth leading to an increasing proportion of 

in soil-derived CO2. Limited additional explanatory power was provided by the inclusion of PFT in the Bayesian model 

(Appendix B), suggesting that physical snowpack properties act as the dominant control of source contributions to snowpack 

CO2. While CO2 fluxes are driven by soil emission, CO2 at the base of the deepest snowpacks was still primarily atmospheric 

in origin (>75 % atmospheric), with decreasing contributions of soil-derived CO2 moving toward the surface.  260 

3.2: Wind pumping 

Within CO2 flux distributions, which consisted broadly of positive emissions, occasional negative CO2 fluxes 

occurred (Figure 3). Negative fluxes are due to temporary disruption of a monotonically declining CO2 concentration with 

increasing distance from soil through the snowpack to the atmosphere. Such a temporary disruption is demonstrated in daily 

profiles of CO2 concentrations and δ13C ratios over a sequence of six days at the same microsite (Figure 5), which show inverse 265 

relationships between CO2 concentration and depletion of δ13C (larger negative values) indicative of soil emissions driving 

CO2 fluxes. Rising wind speed on 23-24 March from <1 m s-1 to a peak of 9.3 m s-1 causes dilution of CO2 concentrations 

within the snowpack to <460 ppm due to wind-pumping of atmospheric air into the snowpack (e.g. Colbeck 1997, Graham 

and Risk, 2018). As wind speeds decreased to < 3 m s-1 on 25-26 March, vertical profiles of CO2 concentrations and δ13C 

profiles returned to patterns more consistent with the re-establishment of a soil CO2 emission dominated system. During this 270 

six-day period, it is likely that wind-pumping temporarily forced atmospheric air with low CO2 concentrations into lower 

layers of the snowpack, beneath higher CO2 concentrations in upper snowpack layers which were previously emitted from soil 

and diffused vertically through the snowpack. Negative vertical CO2 concentration gradients during wind-pumping events will 

lead to calculation of diffusive fluxes inadvertently suggesting CO2 uptake by soils, rather than emission of CO2 to the 

atmosphere. Hence, the small proportion of negative fluxes in statistical distributions of CO2 fluxes at each microsite (Figure 275 
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3), are likely caused by wind-pumping dilution of CO2 in lower snowpack layers, which will more greatly affect shallower 

snowpacks covering tussock grasses, or where shrubs create vertical connectivity for air flow through snowpacks.  

3.3: CO2 fluxes over the Winter to Spring transition 

Median concentrations of CO2 at the base of the snowpack increased week-by-week at all three 2023 sites (SHT, 

SHR, and TSK), concurrent with rising median snowpack gas temperatures. As temperatures rose above -5 °C, the range of 280 

basal snowpack CO2 concentrations increased, leading to greater variability in the exponential relationship. Fluxes of CO2 also 

increased in magnitude with increasing lower sensor gas temperatures (Figure 6b), showing a similar exponential pattern as in 

the synthesis of Natali et al. (2019); 85 % of half-hourly mean flux values from low-power sensors were within the confidence 

intervals of Natali et al. (2019).  

Air temperatures first began to exceed 0 °C for parts of the day from 4 May onwards (Figure 7c and d), and then from 14 285 

May air temperatures more regularly exceeded 0 °C, often for all of each day. Only data prior to this point (i.e. when weekly 

median lower sensor temperatures were below zero degrees) is shown on the rest of the figures, as flux data during the period 

of rapid snowmelt denotes a departure from the winter conditions we predominantly discuss. Notable increases in CO2 fluxes 

were coincident with the onset of surface snowmelt in 2023 (Figure 7a and b). Prior to 4 May, the shallow (25 cm) snowpack 

within grass tussocks (TSK) maintained a consistent pattern of positive CO2 fluxes (mean TSK = 0.08 g C m-2 day-1) with a 290 

regular but small diurnal amplitude. Over the same period, CO2 fluxes within a deeper (107 cm) snowpack in shrub/tree 

vegetation (SHT) exhibited broadly positive fluxes with a less regular diurnal pattern (mean SHT = 0.07 g C m-2 day-1). Warmer 

air temperatures started causing periodic surface melt from 2 May onwards, and caused basal gas snowpack temperatures to 

first reach 0 °C at the shallow TSK snowpack on 3 May and then 4 days later at SHT on 7 May, due to greater thermal insulation 

from the deeper snowpack. Intermittent daily melt followed, causing a more erratic pattern in CO2 fluxes, often peaking at 295 

over 2 g C m-2 day-1 and most likely influenced by snow melt, with changes to snowpack properties influencing gas diffusion 

and surface meltwater percolation reaching the soil and allowing for greater rates of microbial activity. 

4. Discussion 

4.1: CO2 Emissions  

Novel application of low-cost CO2 logging systems within snowpacks shows positive CO2 fluxes from late-winter 300 

frozen tundra soils, which increase exponentially with increasing basal snowpack gas temperatures. Median CO2 fluxes are 

similar across tussock and shrub land cover types (0.03 - 0.1 g C m-2 day-1), while enhanced emissions from a sparsely forested 

microsite (0.35 g C m-2 day-1) are likely due to greater availability of organic material from plant litter, in combination with 

deeper snow maintaining warmer winter ground temperatures. The magnitude of CO2 fluxes from our low-cost systems and 

their exponential relationship with increasing temperature are consistent with established, often higher precision, measurement 305 

methodologies. For example, magnitudes of CO2 fluxes are similar to fluxes calculated using diffusion gradient methods from 

syringe-sampled gases at TVC analysed using multiple commercially available CO2 analysers (Mavrovic et al., 2023), and are 

similar to a synthesis of pan-Arctic CO2 fluxes using a wide variety of measurement techniques (Natali et al., 2019), with  85 

% of half-hourly mean flux values from our systems within the confidence intervals of Natali et al. (2019). As Natali et al. 

(2019) compared CO2 fluxes with soil temperatures at 10 cm average soil depth, and winter soil temperatures are likely to be 310 

warmer than the temperatures of gases within snowpacks, consideration of any soil-gas temperature offset would only bring a 

greater proportion of our CO2 flux measurements within the Natali et al. (2019) uncertainty bounds. Mavrovic et al. (2023) 

measured soil temperatures within 1 cm of the ground surface, more similar to basal snowpack temperatures, with their best 

fit relationship better approximating low-cost system CO2 fluxes warmer than -10°C, whereas the Natali et al. (2019) best-fit 

better approximates low-cost sensor CO2 fluxes colder than -10°C. The exponential increase in CO2 fluxes measured by our 315 
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systems to warming temperatures between -15 and 0 °C is similar to both Mavrovic et al. (2023) and Natali et al. (2019), and 

would likely be more similar if offsets between different locations of temperature measurements in the snow-soil vertical 

profile were considered. Consequently, similarities in the magnitude of CO2 fluxes and their relationship to temperature, 

demonstrates this novel application of low-cost loggers provides reliable diffusion gradient estimates of CO2 through 

snowpacks to the atmosphere. 320 

4.2: CO2 Fluxes and Scaling 

Measured carbon isotope ratios demonstrate that higher CO2 fluxes are dominated by greater abundance of soil-derived 

CO2 and are coincident with higher basal snowpack gas temperatures. However, while soil respiration drives winter CO2 emissions 

to the atmosphere, the majority of CO2 within the snowpack (~75-95 %) is atmospheric in provenance. As Arctic snowpacks are, by 

total density, approximately two-thirds air (Derksen et al., 2009, 2014) they are well-ventilated to atmospheric CO2 . Even dense 325 

wind slab layers are usually <450 kg m-3 (approximately 50 % air), providing low impedance to vertical gas diffusion from the soil or 

atmosphere, as noted by Hould Gosselin et al. (2025). Accordingly, unless a spatially coherent ice lens of sufficient thickness 

(formed from a surface melt or rain-on-snow event) traps CO2 emissions (e.g. Pirk et al., 2016), emissions from soil drive positive 

CO2 fluxes to the atmosphere, and the Arctic snowpack itself acts as neither a major store nor producer of CO2.  

Towards the end of the winter, when basal snowpack temperatures were below 0 °C, spatial variability between median CO2 330 

fluxes across all microsites was low, with the exception of the forested microsite (TRE), where enhanced fluxes were observed. 

While the sparse spruce forest microsite did not have notably warmer basal snowpack temperatures, there is potential for higher soil 

organic content from decomposing leaf litter, and low rates of tree root respiration in frozen soils (Du et al., 2013; Muhr et al., 2009; 

Noguchi et al., 2021) which has previously been shown to enhance soil CO2 emissions at lower latitudes (Mazzola et al., 2022). At 

non-forested microsites, variability in sub-zero basal snowpack temperatures was the dominant control over CO2 fluxes, corroborating 335 

relationships previously identified through temporal snapshot measurements at Trail Valley Creek (Mavrovic et al., 2023) and 

aggregated monthly measurements across the wider pan-Arctic (Natali et al., 2019). However, spatially distributed measurements at 

high temporal resolution enabled robust comparison of CO2 flux response rates to meteorological warming and increased soil 

moisture availability (Mast et al., 1998). 

Sub-hourly sampling allows for greatly improved measurement of the non-linear response of microbial respiration to changes 340 

in soil temperature and moisture, and better accounts for divergent lag times between microbial respiration of CO2 in different levels 

of the soil column and emission to the snowpack.  As frozen soils warm to near-zero temperatures at the end of winter, the diurnal 

amplitude of CO2 fluxes increases, indicative of the exponentially increasing response of soil respiration to warming. Rapid responses 

suggest sub-daily lag times between microbial soil respiration and emission to the snowpack from frozen soils, where diffusion is 

possible through dynamically interconnected micropores (Rooney et al., 2022) . However, where vertical soil porosity is low or 345 

impermeable, there is potential for additional delayed release of CO2 produced in lower soil layers. Macropores created by aperiodic 

vertical cracking in frozen upper soil layers may provide conduits for gaseous emissions from lower sections of the soil column at 

warmer sub-zero temperatures or potentially from unfrozen layers between the active layer depth and the descending winter freezing 

front (Raz-Yaseef et al., 2017; Zona et al., 2016). In addition, as surface snowmelt begins, fast soil microbial responses to the 

combination of latent heat release when meltwater re-freezes on contact with frozen soil and increased availability of liquid water, 350 

causes rapid spikes in CO2 fluxes. Consequently, only by sampling CO2 fluxes at a high temporal resolution can aperiodic CO2 

emissions through frozen soil macropores and rapid spiked responses to meltwater be appropriately aggregated with more consistent 

CO2 emissions from soil micropore diffusion to account for sub-seasonally variable patterns of emissions. As wintertime 

precipitation changes as the Arctic warms (e.g. Bintanja and Andry, 2017; Bjerke et al., 2024; Box et al., 2019; Bradley et al., 

2025), increasing meltwater availability from winter “rain-on-snow” events (Bintanja and Andry, 2017; Maina and Kumar, 355 

2025) may increase the frequency of aperiodic increases in CO2 emissions.  
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Spatial variability of winter-long CO2 flux budgets is challenging to measure and upscale. While winter CO2 flux 

measurements using eddy covariance techniques in Arctic environments can be challenging, especially when restricted to 

open-path EC systems, their high temporal resolution provides current best estimates of winter CO2 flux budgets. However, as 

EC measurements are aggregated across a dynamic footprint varying in dimension and location depending on prevailing 360 

meteorological conditions, it is problematic to attribute CO2 fluxes for an entire EC tower footprint to contributing processes 

that have small spatiotemporal variability (often on smaller spatial scales than the footprint) and non-linear responses to 

environmental change. Sufficient distribution of low-cost logging systems across a landscape or EC footprint will help 

disaggregate competing combinations of physical and biogeochemical processes that influence footprint-scale CO2 emissions. 

Spatially refining the physical characterisation of land cover and empirically linking to biogeochemical responses, allows for 365 

needed improved understanding of kinetic expressions linking microbial CO2 production with frozen soil processes (Byun et 

al., 2021), offering new opportunities for application in terrestrial biosphere models and guiding better understanding of 

underlying biogeochemical processes. In addition, spatially distributed CO2 measurements using low-cost logging systems 

may assist new applications of Bayesian neural networks to disaggregate EC fluxes and processes from different landscape 

features (Pirk et al., 2024), or support Bayesian kriging approaches to better characterise optimal sampling design and quantify 370 

uncertainties when upscaling fluxes from point to landscape scales (Levy et al., 2022). Upscaling can also be undertaken using 

highly distributed low-cost measurements to refine empirical relationships or add more explicit process representation in 

terrestrial biosphere models (such as CLM or JULES: Clark et al., 2011; Lawrence et al., 2019) for application over broader 

spatial extents, albeit with such models usually run at a coarser resolution. Using systems like ours to help parameterise 

processes with temporal non-linearities could constrain critical parameters that govern winter CO2 fluxes, thereby addressing 375 

significant calibration gaps. Parameterisation of soil respiration as a function of soil temperature (Q10) is a particularly pressing 

example, as Q10 varies latitudinally (e.g. Chen et al., 2020) yet it is poorly parameterised for application in Arctic plant 

functional types where default model parameterisations are often derived from mid-latitude measurements (Dutch et al., 2024; 

Tao et al., 2021).  

4.3: Future Opportunities  380 

Low-cost CO2 sensing and logging systems have demonstrated new capacity for month-long measurements of hourly 

CO2 fluxes, and ultimately the potential to measure full winters of CO2 fluxes. In addition, there is potential to add coincident 

measurements of soil moisture and temperature, as well as snow temperature, to quantify the influence of key variables 

governing CO2 flux rates. The low per-unit cost allows for high density spatial distributions of sensing and logging systems at 

a lower cost than is currently possible with EC tower or chamber measurements. Such low-cost CO2 logging solutions strongly 385 

increase the capacity for sampling across wide gradients of physical and biogeochemical influences controlling winter CO2 fluxes 

from Arctic tundra, which is critical for the development of terrestrial biosphere models and may help focus future work on the 

identification and understanding of underlying biogeochemical processes controlling winter CO2 fluxes. In particular, the potential for 

high density sensor deployments creates new opportunities, using a space-for-time approach, to measure contemporary environmental 

gradients that are analogous to changes expected in a warming Arctic, e.g. multiple densities and heights of shrub development or 390 

vegetation recovery from wildfire. In all spatially distributed sensor deployments, hourly resolution measurements over multiple 

months will be specifically useful for measurement of thermal insulation of soil from early-winter snow accumulation, which is critical 

for establishing rates at which the zero-curtain descends through the soil column. The zero-curtain is sensitive to the timing, magnitude 

and phase of early-winter precipitation, when combined with vegetation and topographic controls over wind-redistribution of snow, 

influencing the spatial heterogeneity in coupling between atmospheric temperatures and soil temperatures until insulation saturation is 395 

reached at an effective mean snow depth of ~50 cm (Slater et al., 2017). Consequently, as late winter statistical associations between 

deeper snowpacks and soil temperatures are usually poor (e.g. R2 = 0.035 in this study), assessment of early-winter snow-soil-

carbon flux interrelationships, combined with spatial variations in biogeochemical availability e.g. soil carbon (Lupascu et al., 
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2018; Paré and Bedard-Haughn, 2013; Pedron et al., 2022) and nitrogen availability (Christiansen et al., 2012; Schimel et al., 

2004), could unlock understanding of variability in winter-long CO2 flux budgets. 400 

Beyond expanding CO2 flux measurement networks (e.g. Blackstock et al., 2019; Saccardi et al., 2025),  cheaper logging 

systems have broader social implications, increasing accessibility for future CO2 flux measurements. Increased measurement 

capacity can empower citizen scientists, as seen for studies of urban and indoor air quality (Ali et al., 2016; Oyola et al., 2022) 

and has great potential for scientific engagement, education and outreach, e.g. CO2  (Pino et al., 2019; Saccardi et al., 2025) 

and other gases (Reivanth et al., 2024). Increased engagement can enable greater direct community involvement in scientific 405 

endeavours, supporting local people in monitoring their environment; such capacity building opportunities are particularly 

relevant for Indigenous communities living across the Arctic (Johnson et al., 2016). Enabling robust data collection networks 

by building long-term local capacity through local partners and communities in remote Arctic regions, increases the resilience 

of measurement networks and offers an opportunity to reduce the carbon footprint and negative environmental impact of Arctic 

science.   410 

5. Conclusion 

Low-cost sensing approaches successfully measured hourly CO2 fluxes through late winter snowpacks across different 

vegetation types, land covers, and snow properties at a mineral upland tundra site in the western Canadian Arctic. CO2 fluxes 

were broadly positive, indicating CO2 emissions from soil to the atmosphere across different land covers from late winter to 

the beginning of snowmelt. Snow properties had a lower impact on the measured CO2 fluxes than anticipated, with similar 415 

fluxes from microsites with differing late winter snow depths. Isotopic analysis confirmed that CO2 fluxes were derived from 

soil respiration. Fluxes across the different vegetation covers were typically of a similar magnitude, although higher CO2 

emissions were measured under tree stands – likely due to differences in the soil properties, e.g. temperature, moisture, and 

nutrient and organic matter availability. Air temperature increases during the winter-spring transition had a greater impact on 

magnitudes of CO2 fluxes than short term phenomena such as wind-pumping. CO2 fluxes measured using low-cost systems 420 

showed a similar relationship to subnivean temperatures as measurements synthesised from across the Arctic (Natali et al., 

2019). 

Our low-cost sensor approach shows potential to improve data coverage and assist with sub-footprint upscaling of eddy 

covariance measurements for Arctic CO2 fluxes. Further sensor deployments across a broader range of sites could help improve Arctic 

data coverage and work towards constraining unknowns and uncertainties in the Arctic carbon budget. Data from such an approach could 425 

also be used to help constrain relationships between environmental drivers and wintertime CO2 flux across a greater range of 

locations, ultimately feeding into improved representation and parameterisation of Arctic CO2 fluxes in terrestrial biosphere 

models.   

 

430 

https://doi.org/10.5194/egusphere-2026-3835
Preprint. Discussion started: 14 July 2026
c© Author(s) 2026. CC BY 4.0 License.



12 
 

 
Figure 1: Interior and exterior of the 2022 (a & b) and 2023 (c & d) low-cost CO2 logging systems. Deployment of the sensors at two 
vertically aligned positions in the snowpack is illustrated in e) for 2022. 

 

Table 1: Measured snow properties at each sensor microsite and calculated snow porosity and tortuosity. Mean temperature values 435 
refer to the mean temperature over the duration of the measurements prior to 1 May. Mean snow density refers to the mean snow 
density of the vertical profile at the time of sensor deployment.  

 

 

Microsite 
name 

Vegetation 
Type 

Year Date of 
First 

Measure
ment 

Date of 
Final 

Measure
ment 

Data 
duration 
[days] 

Snow 
depth 
[cm] 

Lower sensor 
mean temp 

(°C) 

Mean snow 
density  

[kg m−3] 

Distance 
between 

sensors [cm] 

Porosity Tortuosity 

TSH Tall Shrub 2022 21 Mar 25 Mar 4 110 -20 316 130 0.66 0.51 

TRE Trees 2022 21 Mar 25 Mar 4 120 -15 306 85 0.67 0.52 

RSH Riparian 
Shrub 

2022 21 Mar 25 Mar 4 136 -17 366 101 0.60 0.46 

TSK Tussock 2022 21 Mar 25 Mar 4 34 -18 206 14 0.77 0.63 

TSK Tussock 2023 30 Mar 13 May 44 51 -16 298 36 0.68 0.53 

SHT Shrub/Tree 2023 31 Mar 11 May 41 107 -10 329 68 0.64 0.50 

SHR Shrub 2023 31 Mar 25 Apr 25 47 -13 295 30 0.68 0.53 
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 440 

Figure 2: Vegetation types at Trail Valley Creek at 10 m × 10 m resolution (Grünberg and Boike, 2019). Locations of microsites in 
2022 (blue) and 2023 (red) are shown (see Table 1 for explanation of microsite names). Meteorological measurements were made at 
TVC Tower (CA-TVC in AmeriFlux network; Graveline et al., 2024).  Grey dots around the tower show isotope sampling locations. 

 

 445 

 

Figure 3: CO2 fluxes measured using low-cost systems; 2022 (version 1) microsites are shown in blue and 2023 (version 2) microsites 
in red. Microsite names refer to the vegetation type for each location (e.g. TSK for Tussock), as given in Table 1, n denotes the 
number of half hourly mean flux values.  
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 450 
 

 

Figure 4: a) δ13C ratios and CO2 concentrations from all snow profiles. Colours indicate vertical location of sample within snow 
profile, atmosphere includes samples measured at any height above the snowpack, surface samples are taken ≤5 cm below the 
air:snow interface. b) δ13C ratios and CO2 fluxes (calculated from base and atmosphere IRMS CO2 concentration measurements at 455 
each microsite). c) mean gas temperature for the total deployment from the lower sensors. R2 values for linear regression are shown 
in the bottom left of each plot, plotted as a grey line. Uncertainty values for δ13C ratios are < 0.5 ‰. Uncertainties for CO2 
concentrations from the isotope ratio mass spectrometer (IRMS) shown in b) have a maximum value of 2.7% (or 15 ppm), but are 
typically <5 ppm. 

 460 

 

 

 

 

Figure 5: Daily profiles of a) CO2 concentration (from IRMS) and b) isotopic δ13C signatures from an approximately 35 cm snowpack 465 
near TVC tower, interpolated to a 1 cm resolution. Darker colours represent a) higher CO2 concentrations and b) less negative δ13C 
values. 
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 470 

 

Figure 6: Weekly median gas temperatures at the base of the snowpack against; a) CO2 concentrations at the base of the snowpack, 
and b) CO2 fluxes, for both 2022 (blue) and 2023 (red) microsites. Error bars show interquartile ranges of half-hourly values. The 
fit of Natali et al. (2019) is shown in b), with the standard deviation of their exponential model denoted using dashed lines, and the 
fit of Mavrovic et al. (2023) in green.  475 

 
 

 

Figure 7: CO2 flux at half-hourly resolution (a & b), and (c & d) lower sensor gas temperatures (purple; half-hourly resolution) and 
air temperature at the TVC Tower (green; hourly resolution) for 2023. Panels a and c show data before the zero-degree air 480 
temperature threshold is first exceeded on 4 May, note different temperature and CO2 flux scales in panels b and d from 4 May 
onwards. Unlike elsewhere in the paper, panels b and d show sensor data after weekly median lower sensor temperatures exceed 
0℃.  
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Appendix A – Snowpack Gas Sampling 

 485 

Figure A: a) Equipment set-up for snowpack gas sampling. b) Heights of snowpack gas samples within a snowpit face. Figure 
reproduced from Mavrovic et al. (2023).  

 

Appendix B – Bayesian mixing model results  

 490 

 

Figure B: Posterior estimate of the relative proportion of CO2 from each source as a function of snow depth (cm). Solid line indicates 
the median; shading indicates the 95% confidence interval.  
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Code and Data Availability 495 

Code to reproduce the figures within this paper is available at: https://github.com/V-Dutch/TVC_LowCostCO2Sensors 

Data available at Grünberg and Boike, (2019), Tutton et al. (2026) and www.doi.org/10.6084/m9.figshare.32803616.   

Data at Figshare is under embargo under the paper is accepted. A private link will be made available to reviewers.  
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