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10 Abstract

11 Cold seasons in Arctic ecosystems are increasingly important to the annual carbon balance of 

12 these vulnerable ecosystems. Arctic winters are largely harsh and inaccessible leading historic 

13 data gaps during that time. Until recently, cold seasons have been assumed to have negligible 

14 impacts on the annual carbon balance but as data coverage increases and the Arctic warms, the 

15 cold season has been shown to account for over half of annual methane (CH4) emissions and can 

16 offset summer photosynthetic carbon dioxide (CO2) uptake. Freeze-thaw cycle dynamics play a 

17 critical role in controlling cold season CO2 and CH4 loss, but the relationship has not been 

18 extensively studied. Here we analyze freeze-thaw processes through in-situ CO2 and CH4 fluxes 

19 in conjunction with soil cores for physical structure and porewater samples for redox 

20 biogeochemistry. We find a movement of water towards freezing fronts in soil cores, leaving air 

21 spaces in soils, which allows for rapid infiltration of oxygen rich snowmelt in spring as shown by 

22 oxidized iron in porewater. The snowmelt period coincides with rising ecosystem respiration and 

23 can offset up to 41% of the summer CO2 uptake. Our study highlights this important seasonal 
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24 process and shows spring greenhouse gas emissions are largely due to production from 

25 respiration instead of only bursts of stored gases. Further warming is projected to result in 

26 increases of snowpack and deeper thaws, which could increase this ecosystem respiration 

27 dominate snowmelt period causing larger greenhouse gas losses during spring.

28 Keywords: Snowmelt, Net Ecosystem Exchange, Methane Flux, Arctic Tundra, Spring, Freeze 

29 Thaw Cycle, Arctic Soil
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Abstract 18 

Cold seasons in Arctic ecosystems are increasingly important to the annual carbon balance of 19 

these vulnerable ecosystems. Arctic winters are largely harsh and inaccessible leading historic 20 

data gaps during that time. Until recently, cold seasons have been assumed to have negligible 21 

impacts on the annual carbon balance but as data coverage increases and the Arctic warms, the 22 

cold season has been shown to account for over half of annual methane (CH4) emissions and can 23 

offset summer photosynthetic carbon dioxide (CO2) uptake. Freeze-thaw cycle dynamics play a 24 

critical role in controlling cold season CO2 and CH4 loss, but the relationship has not been 25 
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extensively studied. Here we analyze freeze-thaw processes through in-situ CO2 and CH4 fluxes 26 

in conjunction with soil cores for physical structure and porewater samples for redox 27 

biogeochemistry. We find a movement of water towards freezing fronts in soil cores, leaving air 28 

spaces in soils, which allows for rapid infiltration of oxygen rich snowmelt in spring as shown by 29 

oxidized iron in porewater. The snowmelt period coincides with rising ecosystem respiration and 30 

can offset up to 41% of the summer CO2 uptake. Our study highlights this important seasonal 31 

process and shows spring greenhouse gas emissions are largely due to production from 32 

respiration instead of only bursts of stored gases. Further warming is projected to result in 33 

increases of snowpack and deeper thaws, which could increase this ecosystem respiration 34 

dominate snowmelt period causing larger greenhouse gas losses during spring. 35 

Keywords: Snowmelt, Net Ecosystem Exchange, Methane Flux, Arctic Tundra, Spring, Freeze 36 

Thaw Cycle, Arctic Soils37 
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1 Introduction 38 

Non-growing season carbon emissions (carbon dioxide (CO2) and methane (CH4)) have recently 39 

been emphasized for their critical role in the annual carbon balance, of Arctic ecosystems 40 

(Commane et al., 2017; Euskirchen et al., 2016; Natali et al., 2019; Oechel et al., 2014; Treat et 41 

al., 2018; Zona et al., 2016). Arctic tundra ecosystems have historically been an annual net sink 42 

of CO2 (Oechel et al., 1993); however, some sites are now becoming annual net sources 43 

(Commane et al., 2017; Euskirchen et al., 2016; Oechel et al., 1993). Methane has been given 44 

increased attention as well given the Arctic is responsible for ~3% of global CH4 emissions 45 

(Kirschke et al., 2013), with potential for increase given substantial climate changes (Schuur et 46 

al., 2015). Much of the carbon loss in the Arctic occurs over long winters, that comprise most of 47 

the year (typically around nine months), due to consistent winter emissions (Natali et al., 2019; 48 

Zona et al., 2016) coupled with occasional bursts (Mastepanov et al., 2013; Pirk et al., 2015; 49 

Raz-Yaseef et al., 2017). 50 

Microbial respiration exponentially increases with temperature (Dunfield et al., 1993), therefore 51 

summer respiration rates are higher while soils are warm and thawed. However, summers are 52 

relatively short compared to the winter (including transitional shoulder seasons) and have 53 

photosynthetic activity that result in a net CO2 sink during these months (Commane et al., 2017; 54 

Oechel et al., 1993; Oechel et al., 2014). In the fall shoulder season, a phenomenon known as the 55 

“zero-curtain” occurs where soil temperatures remain around 0°C during freezing (Hinkel et al., 56 

2001). During the zero-curtain, CH4 (Arndt et al., 2019a; Zona et al., 2016)and CO2 (Commane 57 

et al., 2017) emission rates remain high, and can account for much of the annual carbon balance. 58 

Burst emissions have been observed as well which have raised fall CH4 emissions from 37% of 59 

summer emissions to 92% due to the rapid release of gases from partially frozen soils 60 

(Mastepanov et al., 2013; Pirk et al., 2015). However, similar burst emissions have been 61 

observed during spring thaw, but fewer studies analyze the spring (Raz-Yaseef et al., 2017) 62 

leading to gaps in our knowledge of processes driving spring emissions. 63 

CO2 emissions during spring have been estimated to offset 46% of summer uptake (Raz-Yaseef 64 

et al., 2017). To better understand the processes leading to these high emissions during spring, 65 

soil freezing processes must be considered. During soil freeze, water migrates to top and bottom 66 

freezing fronts leaving air pockets in the active layer (Bing et al., 2015; Brown, 1967). Salts and 67 
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ions are pushed out of freezing water fronts (Bing et al., 2015; Gray & Granger, 1985), which 68 

also occurs with gases. This helps explain how the zero-curtain becomes pressurized (Tagesson 69 

et al., 2012) as gases are forced out of solution into a small space. This pressure in the soil may 70 

be a leading cause of sometimes observed burst emissions (Mastepanov et al., 2013; Pirk et al., 71 

2015). Air spaces remain in frozen soils until spring when oxygen rich snowmelt infiltrates soil 72 

(Yanai et al., 2011) and causes rapid warming due to convective heat transfer (Kane et al., 2001). 73 

Microbial activity continues at below freezing temperatures, with sometimes variable 74 

temperature sensitivities (Mikan et al., 2002). There are notable differences in Arctic microbial 75 

community diversity between frozen and unfrozen soils (Buckeridge et al., 2013) causing 76 

variable dynamics of gas production and consumption. Conditions within the soil column 77 

including temperature (Mikan et al., 2002), nutrient availability (Schmidt & Lipson, 2004), and 78 

oxygen content (Buckeridge et al., 2013) all contribute to controlling microbial diversity and 79 

productivity. Of interest to our study, higher oxygen content would result in increased CO2 80 

production and stifled CH4 production since aerobic respiration (produces CO2) uses oxygen and 81 

methanogens are active in anerobic environments. Given the vulnerability of the large Arctic 82 

carbon pool (Schuur et al., 2015; Tarnocai, 2009), it is crucial to understand spring 83 

biogeochemical cycling to get a full picture what drives sometimes large emissions of CO2 and 84 

CH4. Accordingly, it is vital to understand the relative contribution various seasons have to the 85 

carbon budget to be able to better predict future scenarios as seasons dynamically change. 86 

In this study we seek to understand biogeochemical processes, specifically the redox state in 87 

conjunction with CO2 and CH4 fluxes, causing the spring to sometimes be a relatively strong 88 

source of carbon. To do this, we use in-situ iron (Fe) pore water samples, soil cores, and eddy 89 

covariance (EC) tower carbon fluxes to explore (1) the process of spring soil oxidation , (2) 90 

oxidation controls of carbon fluxes, and (3) physical soil conditions leading to spring oxidation. 91 

2 Materials and methods 92 

2.1 Field site description 93 

We conducted the study at five EC towers on the Alaska North Slope (Table 1, Fig. 1). EC sites 94 

consisted of US-Brw (Zona & Oechel, 2018d), US-Beo (Zona & Oechel, 2018b), and US-Bes 95 

(Zona & Oechel, 2018c), located outside of Utqiaġvik, Alaska; US-Atq (Zona & Oechel, 2018a), 96 
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located near Atqasuk, Alaska about 100 km south of Utqiaġvik; and US-Ivo (Zona & Oechel, 97 

2018e), located in Ivotuk, Alaska about 300 km south of Utqiaġvik. US-Brw is a moist upland 98 

tundra site and is dominated by graminoid grasses and lichens (Kwon et al., 2006). US-Beo is on 99 

polygonised tundra with a mix of wet and dry graminoids and sedges and US-Bes is in a drained 100 

lake basin dominated by sedges and Sphagnum mosses (Davidson et al., 2016). US-Atq is an 101 

inland polygonised site with tussock tundra, wet sedges, dwarf shrubs (Davidson et al., 2016), 102 

and sandy soils (Walker et al., 1989). US-Ivo is in the foothills of the Brooks Range on a gentle 103 

slope and is dominated by tussock tundra with a mossy layer between tussocks (Davidson et al., 104 

2016). 105 

2.2 Flux processing and instrumentation 106 

Gas concentrations (CO2 and CH4) from the four northern sites were measured using the Los 107 

Gatos Research Fast Greenhouse Gas Analyzer (ABB Group, Zurich, CH) and a LI-COR® LI -108 

7700 and LI-7200 were used for CH4 and CO2, respectively, at US-Ivo due to the lack of grid 109 

power at the site (Table 1). Three-dimensional wind speeds were measured using a uSonic-3 110 

(METEK Meteorologische Messtechnik GmbH, DE) at US-Brw, a CSAT3 (Campbell 111 

Scientific®, Logan, UT) at US-Beo, US-Bes, and US-Atq, and a uSonic-3 Class A (METEK 112 

Meteorologische Messtechnik GmbH, DE) at US-Ivo. Flux data were recorded at 10 Hz on a 113 

CR3000 data logger (Campbell Scientific®, Logan, UT) at the northern four sites, and on a LI-114 

7550 (LI-COR®, Lincoln NE, USA) at US-Ivo. A cross comparison between the various 115 

instruments ensures comparability of results across sites despite different instruments used 116 

(Goodrich et al., 2016). 117 

Half-hourly net ecosystem exchange (NEE) and CH4 fluxes were calculated using EddyPro® (LI-118 

COR®, USA). When NEE is positive, it is a net source of CO2 (emission dominate) to the 119 

atmosphere and when it is negative, a net sink (uptake dominate). Methane fluxes in this study 120 

were typically a net source and thus are referred to as emissions. A double rotation according to 121 

Wilczak et al. (2001) was applied to the three dimensional wind speed parameters. Covariance 122 

was maximized to compensate for time lags between vertical wind movements and gas 123 

concentrations. For US-Ivo, where the open path LI-7700 was used, a Webb, Pearman, and 124 

Leunig correction was applied (Webb et al., 1980). For the other sites with a closed path gas 125 

analyzer, an in-situ analytic correction was applied (Ibrom et al., 2007). High and low-pass filter 126 
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effects were corrected for according to Moncrieff et al. (2005) and Moncrieff et al. (1997), 127 

respectively. Additional cleaning of half-hourly calculated fluxes were done following Arndt et 128 

al. (2019a). Initial gap filling of flux data was done using marginal distribution sampling 129 

following Wutzler et al. (2018) using the R package ReddyProc (Wutzler et al., 2019). This 130 

method uses look up windows to fill gaps and therefore does not work for long data gaps greater 131 

than 70 days. For longer data gaps, barring total power failure where meteorological data were 132 

not available, a neural network was used to impute fluxes using the R package neuralnet (Fritsch 133 

et al., 2019). See supporting information for model validation. 134 

2.2.1 Meteorological data collection 135 

Air temperature and humidity data were collected with HMP60s (Vaisala, Finland) and soil 136 

temperature using Type T thermocouples (Omega Engineering, USA). Snow depth was 137 

measured using SR50A sonic ranging sensors (Campbell Scientific, USA). Soil heat flux was 138 

measured with HFT3 soil heat flux plates (Campbell Scientific, USA). All metrics were scanned 139 

every 30 seconds and were recorded in 30-minute averages on a CR23X datalogger, except at 140 

US-Ivo where a CR3000 datalogger (Campbell Scientific, USA) was used. High resolution 141 

(thermocouples every 5 cm from 80 cm above the ground to a meter below ground) temperature 142 

data were used from Arndt et al. (2019b) to monitor the extent and timing of snowmelt 143 

convective heating in soils. 144 

2.2.2 Seasonal determination 145 

Spring was determined as the date between the onset of snowmelt and soil thawing at five cm 146 

depth. Soil heat flux was used to determine the start of snowmelt due to a sudden pulse of energy 147 

coinciding with snowmelt infiltrating soils. This was chosen as the most consistently prevalent 148 

variable across site-years. The first half hour period in May with a change in soil heat flux 149 

greater than 2 W m-2 was used to determine the start of snowmelt. This was compared visually 150 

with air temperature, snow depth, and soil temperature when possible to confirm signals, with 151 

consistent agreement, when data were available. Thaw was determined as the first day following 152 

snowmelt where the average daily soil temperature at 5 cm depth was greater than 2°C. This was 153 

used to ensure signals were not due to instrument error or a warm spell that subsequently refroze. 154 

The growing season started after thaw and ended when daily average NEE was positive, 155 
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representing net source conditions. Even though some photosynthesis may still have occurred at 156 

this time, this gave the clearest idea of the strength of growing season sinks. For this study, fall 157 

and winter were lumped together as the cold season and was the period between the end of the 158 

growing season and the following spring. The beginning of the cold season was unable to be 159 

determined at US-Beo and US-Bes in 2016 and 2017, respectively. Therefore, the cold season 160 

start date from the opposite site (US-Beo or US-Bes) was used due to their proximity only about 161 

500 meters apart. Similarly, US-Brw did not have soil temperature data in 2014 so the thaw date 162 

for US-Beo was used there. US-Beo did not have soil heat flux in 2014 so the melt date at US-163 

Bes was used that site-year. 164 

2.3 Sample collections 165 

2.3.1 Soil core collection and preparation 166 

Frozen soil cores were collected from the Alaska North Slope in April 2018 to understand the 167 

physical structure of the soil column including water and air pocket distribution. Cores were 168 

collected along a latitudinal gradient with sample names representing distance from the Arctic 169 

ocean (6km, 11km, 25km, and 100km) or were named after EC sites (US-Atq and US-Ivo) where 170 

sampling occurred (Fig. 1). Cores were wrapped in plastic and shipped frozen to the laboratory 171 

in San Diego, CA where they were stored at -30°C to retain physical structure. All cores were 172 

collected to a 40 cm depth and thus were 40 cm in length, except at US-Ivo where rocky soils 173 

prevented deeper sampling. Here cores were capped at 23 to 24 cm. Cores were cut with a band 174 

saw into five cm long cylinders, which were weighed before longitudinal subsamples of each 175 

section were removed and dried for >48 hours at 100°C to determine gravimetric water content. 176 

Bulk density was determined from the dry mass of each section per unit volume and used to 177 

calculate volumetric water content. 178 

2.3.2 In-situ iron porewater 179 

Soil porewater was sampled for two consecutive summers in 2010 and 2011 a few hundred 180 

meters northeast of the US-Bes EC tower site (Fig. 1b). Porewater was sampled repeatedly using 181 

Rhizon soil water samplers, type MOM, installed from 0-10 cm (Lipson et al., 2013; Miller et al., 182 

2015). Samples were preserved with a drop of 1M HCl and shipped to the laboratory in San 183 
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Diego, CA for analysis of total Fe and Fe2+ using the 1,10-phenanthroline method (Lipson et al., 184 

2010). 185 

2.4 Statistical analyses 186 

Soil water content trends were assessed using a mixed effects model using the nlme R package 187 

(Pinheiro et al., 2018) and the MuMIn R package (Barton, 2019) was used to assess correlation 188 

coefficients. Reduction of Fe over the course of two growing season was assessed using Mann 189 

Kendall trend analysis sensitive to time-series data according to Yue et al. (2002) using the zyp R 190 

package (Bronaugh & Werner, 2019). This properly accounts for autocorrelation in timeseries 191 

data. Gap filled fluxes of CO2 and CH4 were used to assess carbon budgets. US-Beo 2017, US-192 

Bes 2016, and US-Atq 2016 and 2017 were not included in analysis of the spring budget due to 193 

no real data coverage in those site years. Data coverage during seasons surrounding the growing 194 

season ranged from 44.5% to 65.6% (see supporting information). All data analyses were 195 

performed using R v. 3.5.2 (R Core Team, 2018) and visuals were created using ggplot2 196 

(Hadley, 2016), ggmap (Kahle & Wickham, 2013), cowplot (Wilke, 2019), and RColorBrewer 197 

(Neuwirth, 2014) R packages.  198 

3 Results 199 

3.1 Water movement during freezing 200 

Soil cores collected after full freezing in April 2018 show signs of water movement from the 201 

core center (around 20 cm depth) to the surface and bottom (near 40 cm depth) of the active 202 

layer. The mixed effects model of soil water content as a function of depth showed a significant 203 

polynomial trend (y = 78.3 + 39.4x + 53.3x2, n = 47, P = 0.01, R2 = 0.22, Fig. 2a) showing that 204 

water was concentrated at the top and bottom of soil cores leaving airspaces in the middle. All 205 

sites followed the trend except for US-Ivo, where the depth of soil cores was limited to 25 cm 206 

due to sampling difficulty in rocky soils (Fig. 2a). Values above 100% were possible due to ice 207 

lensing effects. 208 

3.2 Redox cycles 209 

In-situ Fe in pore water showed reduction occurred over the growing season leading to reduced 210 

Fe in soils by the fall. Pore water Fe was oxidized before the beginning of the following growing 211 
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season (Fig. 2b). Fe became significantly reduced in a logarithmic pattern where 2010 (y = 212 

1.4ln(x) – 7.0, R2 = 0.63, P = 0.04) progressed slower than 2011 (y = 2.8ln(x) – 14.4, R2 = 0.79, 213 

P = 0.01). 214 

3.3 Snowmelt signals 215 

Several meteorological variables lined up with spring snowmelt across field sites. At snowmelt 216 

onset, a sudden ground heat flux pulse was observed (Fig. 3a). At the same time, soil 217 

temperatures quickly warmed to 0°C until complete thaw. As melting progressed, soil heat flux 218 

remained steadily near 10 W m-2 with occasional pulses aligning with more rapid snowmelt 219 

events. During snowmelt, steady emissions of CO2 were observed with a clear rise at the onset of 220 

snowmelt. Methane emissions rose slowly beginning with snowmelt and jumped up once soils 221 

were thawed and ecosystems became photosynthesis dominated. 222 

High resolution soil temperature profiles showed convective heat transfer in the soil column 223 

during snowmelt (Fig. 4). Snow depth can be seen in these data around 50 cm above the soil 224 

surface where temperatures pause at or below 0°C with diurnal fluctuations seen above. On days 225 

where air temperatures approached 10°C, rapid melting occurred, and pulses were seen in the 226 

soil showing convective warming due to snowmelt infiltrating soil. Snowmelt effects lasted 227 

several days with sometimes subsequent cooling as soils refroze. Once air temperatures reached 228 

consistent daily highs above 5°C, steady snowmelt occurred causing steady convective heating 229 

and impacted soils down to a meter depth. 230 

3.4 Spring contribution to the carbon balance 231 

Spring ecosystem respiration offset between -4.5% and 41% of the growing season CO2 sink 232 

depending on the year and site (Fig. 5). Negative values indicate a spring sink for that site-year. 233 

US-Atq and US-Ivo sometimes showed a net sink during spring snowmelt and ranged from 4.3 g 234 

C-CO2 m-2 to 4.5 g C-CO2 m-2, in 2015 and 2017, respectively. Summer growing season NEE 235 

was always a net sink of CO2 taking in between 111.3 g C-CO2 m-2 and 30.3 g C-CO2 m-2. The 236 

cold season showed a source of CO2 across sites ranging between 1.5 g C-CO2 m-2 and 106.2 g 237 

C-CO2 m-2. Spring was a small portion of the annual CH4 budget at each of the five sites ranging 238 

between 0.01 g C-CH4 m-2 to 0.58 g C-CH4 m-2. This is compared to the growing season which 239 

ranged from 0.45 g C-CH4 m-2 to 2.25 g C-CH4 m-2 and cold season emissions ranging from 0.36 240 
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g C-CH4 m-2 to 4.43 g C-CH4 m-2. On average, spring ecosystem respiration offset 10.2 ± 3.5% of 241 

the summer CO2 sink and contributed 6.2 ± 2.3% of annual CH4 emissions. 242 

4 Discussion 243 

We analyzed the freeze-thaw effects on the carbon balance of Arctic ecosystems and found the 244 

spring creates unique conditions supporting the onset of ecosystem respiration during snowmelt. 245 

Water migrates up and down to freezing fronts during soil freezing (Bing et al., 2015; Brown, 246 

1967). This creates air pockets, even in inundated soils, as we saw in our soil cores in agreement 247 

with recent studies using CT scans of soil cores collected near Utqiaġvik (Raz-Yaseef et al., 248 

2017). Due to gases being pushed out of solution during freezing, this could aid in creating 249 

pressurized gas layers in soils after the surface has frozen (Tagesson et al., 2012). As soil gas 250 

concentrations in Arctic soils are high during the summer and tail off in August (Abbott & Jones, 251 

2015), concentrations increase during fall due to the frozen surface trapping gases (Raz-Yaseef et 252 

al., 2017). This gas can then be released through bursts or diffusional processes through 253 

vegetation (Kwon et al., 2017). These air gaps leave space for the spring snowmelt flush that we 254 

suggest ramps up spring ecosystem respiration due to the introduction of oxygen and rapid 255 

warming (Fig. 6). If spring emissions were only due to the release of stored gases, we would 256 

expect sudden emissions up thawing and tailing off until production began, however, we noticed 257 

a consistent ramping up of emissions. 258 

During snowmelt, soil fissures are common (Raz-Yaseef et al., 2017) and we suggest snowmelt 259 

enters soil air spaces during thaw. We suggest snowmelt infiltration can bring oxygen into 260 

anaerobic soils supported by the in-situ Fe samples showing reduction over the growing season 261 

with almost fully oxidized Fe in soils following snowmelt. As ice cracks over the winter period 262 

are scarce (Raz-Yaseef et al., 2017; Sturtevant et al., 2012; Tagesson et al., 2012) and surface ice 263 

creates a barrier to gas exchange (Elberling & Brandt, 2003), we suggest the observed oxidation 264 

is due to the oxygen rich snowmelt infiltrating soils. Further, the lack of burst emissions 265 

emphasize the rarity of large-scale exchanges over the cold season. Even during the growing 266 

season, oxygen diffusion is slow and oxygen is quickly consumed in soils (Elberling et al., 267 

2011), so large scale soil oxidation is likely not occurring in the winter with the extra barriers of 268 

snow and ice. When oxygen is quickly introduced into the soil column by snowmelt, it likely 269 

aids biogeochemical cycling as seen by the rise of ecosystem respiration rates. 270 
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Physical processes of freezing and thawing in soils can help to understand greenhouse gas fluxes 271 

at this time. We found that the spring emissions can impact the balance of CO2 and CH4 from 272 

Arctic tundra ecosystems. The one site (US-Ivo) that did not have clear water migration in the 273 

soil core, also did not show a prominent respiration increase; however, the core sampling depth 274 

was low in comparison to the active layer depth (see supporting information) and missed the 275 

middle of the active layer. If air pockets are not created in the soil, the site would not be primed 276 

for a snowmelt flush further suggesting the link between respiration and snowmelt.  277 

Previous studies have found spring CO2 emissions to offset as much as 47% of summer uptake, 278 

close to our maximum 41% observed at US-Brw, however the study attributed the release to 279 

bursts of gases stored over winter (Raz-Yaseef et al., 2017). These bursts are similar to burst 280 

emissions seen in other studies of the fall freeze-in period where large sudden emissions can 281 

make up much of the carbon balance (Mastepanov et al., 2013; Pirk et al., 2015; Tagesson et al., 282 

2012). However, we suggest there is more to the process than bursts of gasses stored over winter. 283 

The introduction of oxygen into the soil column and rapid warming during spring thaw, we 284 

suggest kickstarts ecosystem respiration by creating supporting conditions. Oxygen aids CO2 285 

production but inhibits CH4 production evidenced by our EC data where CO2 exhibits a steady 286 

emission rate while spring CH4 slowly ramps up. Methane produced at depth may be consumed 287 

by methanotrophs in upper soil layers taking advantage of oxygen rich snowmelt therefore 288 

converting the CH4 to CO2. Further, Fe reduction likely adds to observed CO2 emissions because 289 

the Fe reduction process can comprise 40-45% of respiration from these ecosystems (Lipson et 290 

al., 2013). 291 

Microbial communities have been shown to be active during zero-curtain conditions and the 292 

colder winter period (Schimel & Mikan, 2005). There is a prominent shift in microbial 293 

communities during the spring thaw showing new growth of microbes at this time albeit nutrient 294 

limited (Buckeridge et al., 2013). Nutrient limitations may explain why CH4 flux rates jump after 295 

thaw when photosynthesis begins, as photosynthates and plant mediated transport can be  296 

important controls of CH4 emissions (Dorodnikov et al., 2011). We suggest that the introduction 297 

of oxygen may aid microbial community change and increase microbial activity.  298 

Climate predictions for Arctic ecosystems show warming winters (Bekryaev et al., 2010) and 299 

increased winter precipitation (Liu et al., 2012; Screen & Simmonds, 2011) which could extend 300 
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the duration of snowmelt therefore extending net source conditions. Warmer springs may also 301 

cause more rapid snowmelt and an earlier start to the growing season but the extent to which the 302 

growing season can advance is limited by photoperiod and moisture (Ernakovich et al., 2014). 303 

This means that even if snow continues to melt earlier, photosynthesis will become limited by 304 

other factors supporting increased periods of carbon loss. Studies suggest that Arctic vegetation 305 

has not reached maximum photosynthetic capacity and may increase uptake in the future (Rogers 306 

et al., 2017), but with increasing zero-curtain (Arndt et al., 2019a; Commane et al., 2017) and 307 

cold season emissions (Natali et al., 2019), the carbon balance of Arctic ecosystems may 308 

continue to shift to net source conditions. 309 

5 Conclusions 310 

Cold seasons in the Arctic are having an increasing importance on the annual carbon balance of 311 

Arctic tundra ecosystems. While long-term data records are coming to fruition, these ecosystems 312 

are complicated, and many controlling variables are not accounted for making model predictions 313 

and estimates uncertain. Here we show snowmelt may introduce oxygen into soils and cause 314 

rapid warming kickstarting ecosystem respiration. Spring can negate almost half of summer CO2 315 

uptake from our sites and it is crucial to understand the underlying processes to be able to better 316 

predict carbon dynamics in a fast-changing climate. It has largely been assumed that most winter 317 

emissions of CO2 and CH4 are through bursts, but we suggest there are conditions that support 318 

consistent production and emissions of gases. With the vast stores of organic carbon in Arctic 319 

soils and a quickly changing climate, continued research into poorly understood seasons is 320 

critical to gaining an understanding on the future of the global climate. 321 
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 515 

Tables 516 

Table 1: Summary of the eddy covariance (EC) towers used in this study. EC towers are on a latitudinal 517 

gradient from north to south and represent various Arctic tundra ecosystems. Air temperature (Air T.) is 518 

the mean ± standard error of the annual temperature at EC sites. See supporting information for additional 519 

meteorological observations. 520 
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Site Latitude Longitude CO2 Analyzer CH4 Analyzer Sonic Anemometer Air T. (°C) 

US-Brw 71.322 -156.609 LGR FGGA LGR FGGA Metek uSonic3 -8.93 ± 3.38 

US-Beo 71.281 -156.612 LGR FGGA LGR FGGA CSAT 3 -8.93 ± 3.43 

US-Bes 71.281 -156.596 LGR FGGA LGR FGGA CSAT 3 -9.56 ± 3.47 

US-Atq 70.470 -157.409 LGR FGGA LGR FGGA CSAT 3 -9.07 ± 3.70 

US-Ivo 68.486 -155.750 LI -7200 LI -7700 Metek uSonic3 USA-1 -8.09 ± 3.72 

 521 

Figure Captions 522 

Figure 1: Maps of the location of the eddy covariance (EC) tower sites and pore water (PW) and core 523 

sample locations. Tower are labeled by their Ameriflux designations and core samples as a distance from 524 

the Arctic Ocean. Soil cores sampled near towers are suffixed with a “-C” after the EC tower site name. 525 

Map data are from Google with imagery from TerraMetrics (a and b), and Maxar Technologies (c and d). 526 

Figure 2: (a) Water filled pore space in soil cores collected April 2018 at field sites. Results showed 527 

water migrating to freezing fronts leaving airspace in soils. (b) Soil pore water reduced iron (Fe2+) over 528 

total iron (Fe) ratio showed significant reduction of Fe over the course of the growing season in 2010 and 529 

2011. Fe was nearly fully oxidized in the spring. Points and error bars represent the mean and standard 530 

error. 531 

Figure 3: Representative meteorological variables used to assess spring carbon release at US-Brw in 532 

2015. (a) Soil heat flux peaks marked snowmelt followed by steady energy entering soils. Soil 533 

temperatures rose to 0°C and air temperatures reached above freezing temperatures at the same time. (b) 534 

Snowmelt began May 16th at this site-year lined up with metrics in panel a. NEE rose from low winter 535 

source conditions showing signs of consistent ecosystem respiration. (c) Methane emissions slowly rose 536 

at the same time and fully rise to peak summer emissions after soil thaw. 537 

Figure 4: Temperatures from a meter below the soil surface to 80cm above. Data were from a low center 538 

polygon at the US-Atq site in spring 2017. (a) The cyan color shows temperatures near 0°C showing 539 

snow above the surface during thawing. Diurnal cycles of air temperatures were seen and convective heat 540 

warming soils quickly to 0°C as snow melts. (b) Zoomed image of the red box in panel a, a different 541 

temperature scale was used to better show heat penetration in soil highlighted by white arrows. 542 

Figure 5: Sums of gap filled net ecosystem exchange (NEE) and methane (CH4) emissions from the five 543 

tower sites. Asterisks represent the annual sum for NEE and CH4 with positive values indicating a source, 544 

and negative indicating uptake. The growing season is a consistent sink across sites with the cold season 545 
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always being a net source of carbon dioxide (CO2). Spring contributed little to CH4 emissions with the 546 

growing season and winter making up the bulk of the balance. 547 

Figure 6: Seasonal phase changes in the soil profile leading to oxygenation and convective heating in 548 

spring. In late summer, the soil profile is saturated, growing anoxic with depth. Small circles represent 549 

dissolved gases. During the zero-curtain period in the fall, water migrates to the upper and lower freezing 550 

fronts and gases are driven out of solution, leading to unsaturated voids in the middle of the profile in 551 

winter. In spring, snowmelt can penetrate these pockets, bringing oxygen to lower layers and causing 552 

rapid warming. 553 
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