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Abstract Fluxes of carbon dioxide (CO2) and methane (CH4) from open water bodies are critical
components of carbon‐climate feedbacks in high latitudes. Processes governing the spatial and temporal
variability of these aquatic greenhouse gas (GHG) fluxes are still highly uncertain due to limited observational
data sets and lack of modeling studies incorporating comprehensive thermal and biochemical processes. This
research investigates how slight variations in climate propagate through the biogeochemical cycles of ponds and
resulting impacts on GHG emissions. We examine the thermal and biogeochemical dynamics of two ponds in
the Yukon–Kuskokwim Delta, Alaska, under varying climatic conditions to study the impacts on CO2, CH4, and
oxygen (O2) concentrations and fluxes. We performed multiple numerical experiments, using the LAKE
process‐based model and field measurements, to analyze how these ponds respond to variations in air
temperature, shortwave radiation, and snow cover. Our study demonstrates that ice cover duration and water
temperature are primary climatic drivers of GHG fluxes. Climate experiments led to reductions in ice cover
duration and increased water temperatures, which subsequently enhanced CH4 and CO2 gas emissions from two
study ponds. On average, cumulative CH4 and CO2 emissions were 5% and 10% higher, respectively, under
increases in air temperature and shortwave radiation. Additionally, we uncovered a need to incorporate
groundwater influxes of dissolved gases and nutrients in order to fully represent processes governing aquatic
biochemical activity. Our work highlights the importance of understanding local‐scale processes in predicting
future Arctic contributions to GHG emissions.

Plain Language Summary Quantifying the release of carbon dioxide (CO2) and methane (CH4)
from Arctic lakes is one of the major uncertainties in the carbon budget of the Arctic. However, it is challenging
to quantify due to the limited data and lack of models that include detailed thermal and biochemical processes.
We explored how climatic variables impact the way ponds produce and emit greenhouse gases (GHGs). We
studied two ponds in Alaska's Yukon‐Kuskokwim Delta using field data and a computer model to understand
how changes in air temperature, sunlight, and snow cover influence CO2, CH4, and oxygen levels. We found that
the duration of ice cover and water temperature are key climate factors influencing gas emissions. Warmer
temperatures and increased sunlight reduce ice cover and heat up the water, resulting in higher emissions of CH4

and CO2 from the ponds. Under warmer conditions, cumulative emissions of methane and carbon dioxide
increased by 5% and 10%, respectively, compared to baseline conditions. Future models need to include
groundwater influxes of dissolved gases and nutrients for a complete understanding of these complex
biochemical processes. Our study emphasizes the need to understand local processes to better predict the
Arctic's future contribution to global GHG emissions.

1. Introduction
Ponds and lakes (i.e., water bodies) in the Arctic and sub‐Arctic account for nearly two‐thirds of all natural
methane (CH4) sources in the region and are highly sensitive to changes in climate (Wik et al., 2016). The
emission of CH4 from Arctic water bodies ranges from 3 to 18 Tg CH4 per year, with the broader region
contributing 25 to 240 Tg of carbon dioxide (CO2) annually (Matthews et al., 2020; Ramage et al., 2024).
Northern high latitudes are warming at a rapid rate compared with other regions (Ballinger et al., 2024; Constable
et al., 2022), with Arctic air temperatures anticipated to increase by 3.3–10°C above the 1985–2014 mean by the
end of the century (AMAP, 2021). These changes in climate will increase water temperatures and reduce ice cover
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durations, enhancing microbial activity and production of CH4 in the water column and bottom sediments (Wik
et al., 2016). Increases in terrestrial primary productivity (Elmendorf et al., 2012; Pouliot et al., 2009) and
encroachment of emergent vegetation into ponds as they dry (Finger Higgens et al., 2019) are also anticipated to
enhance the production and evasion of CH4 from water bodies (Rehder et al., 2023). Permafrost thaw and talik
development (unfrozen ground that remains year‐round), are accelerated after high latitude disturbance events
(i.e., wildfire) (Abbott et al., 2016; Jafarov et al., 2013), delivering carbon into water bodies and increasing
microbial respiration (Prėskienis et al., 2024). Enhanced interactions between surface water and groundwater will
also amplify greenhouse gas (GHG) emissions from open water bodies (Abnizova et al., 2012; Arp et al., 2011;
Jeffries et al., 1999; Jorgenson & Shur, 2007; M. T. Jorgenson et al., 2006; Prėskienis et al., 2024; Rouse
et al., 1997; Rowland et al., 2011; Wik et al., 2016). Small water bodies (<0.1 km2) are particularly potent CH4

emitters across the Arctic and sub‐Arctic, comprising ∼12% of water body area and ∼30% of total open water
methane emissions (Kyzivat & Smith, 2023). In tundra delta environments such as the Yukon‐Kuskokwim Delta
(YKD), the contributions of small water bodies are potentially greater, comprising ∼46% of open water area and
∼52% of open water CH4 emissions (Ludwig et al., 2023). Small water bodies are also important contributors to
CO2 fluxes in high latitude tundra environments. Studies from the Lena River Delta found that small water bodies
produce over 70% of CO2 outflux (Abnizova et al., 2012), and significantly reduce the CO2 sink of the overall
landscape (Beckebanze et al., 2022). However, wildfire reduction of carbon stocks can reduce CO2 inputs in
waterbodies and have mixed results for CH4, driven by the surrounding land cover (Zolkos et al., 2022).

Increases in GHG emissions from high‐latitude water bodies could contribute to a significant amplification in
warming. Previous studies have estimated Arctic water body contributions to GHG budgets at various spatial
scales through statistical upscaling (Saunois et al., 2020) and process modeling (Johnson et al., 2022; Tan &
Zhuang, 2015a; Zhuang et al., 2023). However, the processes driving the spatial and temporal variability are still
poorly constrained. Therefore, improving understanding of the processes that regulate CH4 production and
emissions at a local scale is critical. Process‐based models provide insights into the spatiotemporal variability of
GHG fluxes that is currently poorly constrained by field measurements that are often collected at discrete points in
time and often restricted to the warm season. Some year round observations of water body CO2 and CH4 fluxes
exist, but comprehensive measurement is hindered by uncertainties in capturing the significant fluxes that can be
released during ice breakup (Jammet et al., 2017; Prėskienis et al., 2021). As a result, many statistical GHG flux
upscaling studies only provide single snapshots in time (Ludwig et al., 2023; Rosentreter et al., 2021; Stackpoole
et al., 2017). Model simulations of GHG fluxes are needed to fill observational gaps and provide time‐integrated
estimates of cumulative emissions.

One‐dimensional coupled thermal‐biogeochemical models are critically useful for predicting GHG emissions
from ponds because they strike a balance between comprehensive process representation and computational
efficiency that allows for both representativeness at the site‐level and upscaling to broader areas (Grant
et al., 2021). Various one‐dimensional models have been used to represent the thermal and biological processes of
high‐latitude water bodies. The Arctic Lake Biochemistry Model (Tan et al., 2015, 2017) has been used to assess
the impacts of warming air temperature on global and high‐latitude CH4 emissions (Guo et al., 2020; Zhuang
et al., 2023). Rehder et al. (2023) developed the Methane Emissions from Ponds (MeEP) model to quantify
changes in polygonal tundra pond methane production and emissions pathways with warming climate and
increasing terrestrial input of labile organic carbon. The LAKE model (Stepanenko et al., 2016, 2020), has been
tested across different climate conditions in projects like the Lake Model Intercomparison Project (LakeMIP;
Stepanenko et al., 2014), and validated against observations in high‐latitude lakes (Clark et al., 2022) and res-
ervoirs (Lomov et al., 2023).

Despite these advancements in lake modeling, gaps remain in the understanding of the impact of drivers such as
water temperatures, ice thickness, and snow depth on GHG emissions from Arctic lakes (Clark et al., 2022;
Jeffries & Morris, 2006; Rantanen et al., 2022). Additionally, very few studies assess the thermal and biogeo-
chemical dynamics of small ponds for both ice‐on and ice‐free seasons. This study addresses these gaps by
focusing on the interactions between thermal and biogeochemical processes under different climatic conditions.
The primary goal of this study is to advance our understanding of how different climatic drivers influence GHG
(CO2 and CH4) and oxygen (O2) dynamics in Arctic pond ecosystems. The study is driven by the hypothesis that
variations in climate, such as increases in air temperature or changes in snow and ice cover, can significantly alter
the thermal regime of pond waters and, thus, the associated GHG dynamics. We utilize meteorological and
biogeochemical data collected at two ponds in the Yukon‐Kuskokwim Delta, Alaska, to conduct numerical
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simulations to study climate impacts on water thermal and biogeochemical conditions. We use LAKE, a one‐
dimensional physics‐based numerical model that integrates both thermodynamic and biogeochemical pro-
cesses, to assess the sensitivity of lake water temperature, ice thickness, and snow depth to climatic variations in
the Arctic. In addition, we show the contribution of different production mechanisms to the cumulative emission
of GHGs in two ponds.

2. Materials and Methods
2.1. Study Site

The Yukon‐Kuskokwim Delta (YKD) of southwestern Alaska is underlain by discontinuous permafrost and
characterized by sedge, moss, and low‐shrub peat plateaus interspersed with small lakes, ponds, streams, bogs,
and fens (Figure 1). The 2015 fire season in Alaska was the second largest on record with 21,000 km2 burned, of
which roughly 542 km2 occurred within the YKD (Moubarak et al., 2023). Research has been conducted within
10 km of these lakes since 2015 investigating permafrost thaw and wildfire effects on carbon cycling, vegetation,
and aquatic ecosystems (Baillargeon et al., 2022; Dabrowski et al., 2020; Frost et al., 2020; Ludwig et al., 2022,
2023, 2024; Michaelides et al., 2019; Moubarak et al., 2023; Mullen et al., 2023; Sae‐Lim et al., 2019; Zolkos
et al., 2022). Mean growing season (June, July, August) air temperature in 2022 was 12.3°C, while mean cold
season air temperature (December, January, February) was −12.6°C. Growing season precipitation in 2022
totaled 156 mm. Maximum summer thaw depths in 2022 reached 75 cm in unburned tundra and 91 cm in burned
tundra.

2.2. Data Collection

As part of the ongoing research in the watershed, two eddy covariance (EC) towers measuring high frequency
CO2 and CH4 fluxes and meteorological variables were established in July 2019 and September 2019 on unburned
and burned tundra, respectively. Data collected from the EC towers for model input included half‐hourly

Figure 1. Photos and locations of the two studied ponds in the Yukon–Kuskokwim Delta, Alaska. One pond is located within
the perimeter of a 2015 wildfire (Burned Pond) and the other pond is located in unburned tundra (Unburned Pond).
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meteorological variables, including air temperature, air pressure, relative humidity, longwave radiation, short-
wave radiation, precipitation rate, wind speed, and wind direction. Detailed information on EC tower instru-
mentation and data processing can be found in Ludwig et al. (2024).

Within the tower footprints, two ponds (unburned: −163.256°E, 61.254°N; and burned: −163.221°E, 61.272°N)
were selected as part of this study: the unburned pond has a surface area of 3,287 m2, with a depth of 2.75 m, while
the burned pond covers an area of 818 m2 with a depth of 1.5 m (Figure 1). Each pond was instrumented during the
2022 growing season (late June to mid‐August) with a dual range eosGP gas probe (Eosense Inc., Dartmouth,
Nova Scotia, Canada) connected to a CR1000X data logger (Campbell Scientific Inc., Logan, Utah, USA)
measuring continuous half‐hourly CO2 concentrations and water temperature. The eosGP sensors were calibrated
for a 0 to 20,000 ppm range (±3.5% accuracy) prior to deployment, and deployed at about 1 m below the pond
surface and connected to a surface buoy anchored to the pond bottom to prevent movement within the pond.

Surface water samples were collected weekly during the 2022 growing season (late June to early September) from
identical shoreline locations at each of the unburned and burned ponds and analyzed for biogeochemical vari-
ables. At each sampling time point, in situ water temperature (°C), pH, electrical conductivity (μS cm−1), and
dissolved O2 (mg L−1) were measured using a Professional‐Plus water quality sonde that was calibrated daily
(Yellow Springs Instruments, Yellow Spring, Ohio, USA). Dissolved gases (CO2 and CH4) were collected using
the headspace equilibration method (Hesslein et al., 1991), where 30 mL of water and 30 mL of atmospheric air
were shaken for 1 min within a sealed polypropylene syringe before injection into a pre‐evacuated 12 mL
Exetainer vial sealed with a butyl septum. Dissolved gas samples were analyzed within four weeks of collection
by gas chromatography equipped with a flame ionization detector (GC‐2014, Shimadzu Scientific Instruments,
Kyoto, Japan) at the Woodwell Climate Research Center Environmental Chemistry Laboratory. Additionally,
dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were analyzed for. Methods for surface water
filtration and laboratory analysis followed Zolkos et al. (2022).

2.3. Data Processing

EC tower meteorological variables were aggregated daily and gap‐filled to drive the LAKE model (Figure 2).
Between July and September 2022, there was no missing meteorological data at the burned tower, whereas 29% of
days in the same period had at least one meteorological variable missing at the unburned tower. Data gaps in one
tower's data were filled using bias‐corrected data from the other tower (Figure S1 in Supporting Information S1).
Bias corrections were determined based on linear regressions between burned and unburned tower data for the
respective variables. This method resulted in only 9 days of missing data, which were filled using linear inter-
polation between the nearest 2 days of available data. As no snow depth information was collected at either pond,
snow‐water equivalent (SWE) accumulation rates were derived from the McGrath automated snow telemetry
(SNOTEL) monitoring site (−155.37°W, 62.57°N; 850 km from field area). The SNOTEL SWE depths were
adjusted with a simple multiplier (0.5) to align the data with expected snow depths over each pond based on in situ
snow depth measurements (i.e., snow depth probing) from 3 years of wintertime site visits. To quantify uncer-
tainty in snowfall driving data, the modeled snow appearance and disappearance dates were validated using
remotely sensed snow cover fraction from the Visible Infrared Imaging Radiometer Suite (VIIRS) Level 3 daily
cloud gap‐filled 375 m snow cover product (VNP10A1F; Riggs et al., 2015). This product quantifies the frac-
tional surface area of each pixel that is snow‐covered (0%–100%; see Text S4 and Figure S2 in Supporting In-
formation S1 for more detail).

2.4. Model Description and Setup

Over the last 20 years, the LAKE model has been developed to predict carbon cycling and GHG emissions in
global water bodies using meteorological measurements (Lomov et al., 2023; Stepanenko & Lykossov, 2005;
Stepanenko et al., 2016). The LAKE model is an extended one‐dimensional model that simulates thermodynamic,
hydrodynamic, and biogeochemical processes in water basins and sediments. Despite the one‐dimensional nature
of the model, it takes into account the lake/pond morphometry and water thermal and biogeochemical conditions
accordingly. It considers factors like heat transfer, radiation penetration, ice, snow, and sediment dynamics. The
model also accounts for ice evolution in frozen lake waters and soils. Equations in the model are formulated for
averaged quantities across the water body's horizontal section, explicitly considering momentum, heat, and gas
exchange. It addresses turbulence, pressure gradients, heat and liquid water transport in ice and snow, water phase
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changes in sediments, and the vertical diffusion and ebullition of dissolved gases (CH4, CO2, and O2). The model
has been tested across different climate conditions in projects like the Lake Model Intercomparison Project
(LakeMIP; Stepanenko et al., 2014). More recently, the model was validated on three lakes in North Slope, Alaska
(Clark et al., 2022).

The LAKE model (v3.0) was run at a one‐day timestep. The water column was broken into 40 vertical layers, ice
and soil were broken into 10 vertical layers respectively, and the soil is divided horizontally with five soil col-
umns. In the absence of soil core data, soil was inferred to have a silt loam texture based on soil maps from
Jorgenson et al. (2008) and the U.S. Department of Agriculture STATSGO2 product (USDA, 2017). Water‐
atmosphere heat flux parameterization used the formulation from FLake (Mironov, 2008; Mironov
et al., 2009), and the turbulent mixing used the K‐epsilon parameterization. Mass flux (convection) was repre-
sented using the Siebesma et al. (2007) parameterization. The extinction coefficient of water was set to 0.5 based
on observations from similar high‐latitude water bodies (Seekell et al., 2015). Inflows of water, chemical, and
particulate constituents were not accounted for in the model configurations. The ponds have no aboveground
tributary streams, but groundwater flows could still influence pond processes.

We spun up the LAKE model until we reached steady yearly fluxes and concentrations of heat and gases in the
water and soil. The data for spin‐up was generated by repeating the daily time series from 2022 for each pond over
40 years, based on the in situ data availability. To reduce the compute time, we smoothed spin‐up data using a
Savitzky‐Golay filter over a 25‐day moving window. This prolonged spin‐up duration was essential for achieving
stable contemporary model runs. Given that 2022 air temperatures were only slightly colder than the 1991–2022
average for the growing season (∼0.2°C) and cold season (∼1°C) (NOAA, 2022), the limited temporal extent of
the spin‐up data could have led to slightly colder deep (>1 m) soil layers that contribute minimally to biogeo-
chemical processes in the model experiments.

Figure 2. Daily meteorological data from 2022 used in simulations for burned and unburned ponds in the Yukon–Kuskokwim
Delta. Air temperature (Tair; C) (a), humidity (H; kg kg−1) (b), atmospheric pressure (Pair; kPa) (c), shortwave radiation (SW;
W m−2) (d), longwave radiation (LW; W m−2) (e), wind speed (WS; m s−1) (f), and precipitation (Precip; m s−1) (g).
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2.5. Model Parameter Calibration

To tune the model to match measured CH4, CO2, and O2 concentrations, we ran sensitivity analyses on six pa-
rameters, as documented in Table 1. The model was run repeatedly while varying the calibration parameters, and
the parameter set producing the best match with observations was identified for each pond. The calibration pa-
rameters were chosen based on their impact on CH4 production, oxidation, and transport, and CO2 production and
transport (Stepanenko et al., 2016) (see Supporting Information S1). R0 is the CH4 base production rate with
respect to methanogenesis in sediments, reflecting the quantity and quality of new organic material prone to
anaerobic decomposition (Equation S1 in Supporting Information S1). The Vmax, Khs,O2 and Khs,CH4 are reaction
potential and two half‐saturation constants controlling aerobic CH4 oxidation in the water column (Equations S2
and S3 in Supporting Information S1). In LAKE, aerobic CH4 oxidation also occurs in the top ∼1 cm of soil
(Equation S4 in Supporting Information S1). Parameters governing CH4 oxidation in the soil were not calibrated,
following (Stepanenko et al., 2016). The last two parameters are constants that impact the sedimentary oxygen
demand function, diffusion, and biochemical consumption (Equations S5–S7 in Supporting Information S1). μβ,0

is a multiplier in the potential rate of microbial decomposition in aerobic sediments, and kc,0 is constant reference
diffusivity for CO2 transfer between sediments and water, respectively (Walker & Snodgrass, 1986). Further
information on the multiprocessing technique and equations associated with the tuned parameters is provided in
Texts S1 and S2 in Supporting Information S1.

Each sensitivity analysis run was initialized with temperature and biogeochemical profiles from the 40‐year
spinup run for each pond. We used a random logarithmic‐uniform distribution method to sample parameters
within the given ranges shown in Table 1. To provide time for the model to re‐equilibrate with the new parameter
sets, we ran the model for 18 months. Comparisons to observations used model outputs from the final year of each
sensitivity run. After each parameter sensitivity run, we updated the ranges to allow a better match with obser-
vational data. Final parameters were selected based on values that produced the highest R2 and lowest mean
absolute error (MAE) between modeled and observed water temperatures and concentrations of CH4, CO2,
and O2.

2.6. Primary Production

Primary production has the potential to influence gas concentrations and fluxes in the two ponds. Although the
study ponds did not have significant vascular aquatic vegetation, which has been shown to facilitate GHG
ebullition (Knoblauch et al., 2015), phytoplankton species likely conduct photosynthesis at a non‐negligible rate
(Maeda et al., 2019). We use trophic state index (TSI) as an indicator of primary productivity in the comparison of
model data to observations. We calculate modeled TSI using chlorophyll‐a following (Carlson, 1977) (Equation
S8 in Supporting Information S1). Since we did not have direct observations of photosynthesis or chlorophyll‐a
content, we calculated the observed TSI using TDN measurements following (Kratzer & Brezonik, 1981)
(Equation S9 in Supporting Information S1). While this comparison is indirect, nitrogen has been shown to be a
good indicator of trophic state and phytoplankton content (Aizaki et al., 1981; Hu et al., 2021; Jensen et al., 2019).

Table 1
Values and Ranges of Six Parameters Used in Parameter Sensitivity Analysis and Climate Experiments

Burned Unburned

SourcesParameter Value Range tested Value Range tested

Vmax (mol m−3 s−1) 1.15E–07 1.0E–10, 8.0E–5 1.15E–07 1.0E–10, 8.0E–5 Lidstrom and Somers (1984), Liikanen et al. (2002)

Khs,CH4 (mol m−3) 3.75E–02 1.0E–4, 5.0E–1 3.75E–02 1.0E–4, 5.0E–1 Lidstrom and Somers (1984), Liikanen et al. (2002)

Khs,O2 (mol m−3) 2.10E–02 5.0E–7, 5.0E–1 2.10E–02 5.0E–7, 5.0E–1 Lidstrom and Somers (1984), Watson et al. (1997)

R0 (mol m−3 s−1) 8.50E–08 5.0E–11, 9.0E–6 4.30E–08 5.0E–11, 9.0E–6 Stepanenko et al. (2016)

kc,0 (m s−1) 5.68E–07 5.0E–9, 5.0E–5 3.44E–07 1.0E–8, 5.0E–4 Walker and Snodgrass (1986)

μβ,0 (mol m−2 s−1) 1.70E–06 5.0E–7, 6.0E–5 6.50E–06 5.0E–7, 6.0E–4 Walker and Snodgrass (1986)

Note. Vmax(mol m−3 s−1): Maximal methane aerobic oxidation rate, Khs,CH4 (mol m−3): half‐saturation constant for CH4, Khs,O2 (mol m−3): half‐saturation constant for
O2, R0 (mol m−3 s−1): constant controlling the magnitude of methane production in sediments, kc,0 (m s−1): the mass transfer coefficient, μβ,0 (mol m−2 s−1): coefficient
proportional to organics oxidation potential rate in sediments.
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2.7. Setup for Model Sensitivity to Meteorological Inputs

After biogeochemical parameters were calibrated to match observations at each pond, three experiments were
carried out to explore model sensitivity to varying meteorological inputs.

2.7.1. Snowfall Removal

For the no‐snow (NS) experiment, all snowfall was removed, and rain remained unaltered to explore the insu-
lating effect of snow on water and sediment temperatures and the resulting biogeochemistry. The role of snow and
ice in influencing lake water and biogeochemistry is critical in sub‐Arctic environments characterized by
discontinuous and sporadic permafrost. In many cases, lakes with depths up to 2 m are expected to refreeze
entirely to the bottom during winter, as observed in regions such as the North Slope (e.g., Arp et al., 2012; Arp
et al., 2018). However, the inability of shallow lakes to refreeze completely has profound implications for
permafrost stability. Without a fully frozen lake bottom, heat transfer from unfrozen water to underlying sedi-
ments persists throughout the winter, driving the expansion of thaw bulbs beneath the lake. This process ac-
celerates permafrost degradation, particularly in regions where hydrological connectivity further enhances heat
and nutrient transport. Continuous wintertime thawing beneath these lakes could lead to widespread permafrost
destabilization, with cascading impacts on carbon cycling, as thawing sediments release stored organic matter into
the aquatic system (Walter Anthony et al., 2018).

2.7.2. Shortwave Radiation

For the shortwave radiation (SW20) experiment, downward shortwave radiation was increased by 20%, which
increased average yearly solar radiation by ∼20 W m−2. Shortwave radiation varies considerably with latitude in
the Arctic and sub‐Arctic (Hatzianastassiou et al., 2005), and maximum yearly average incoming shortwave
radiation is ∼20 W m−2 greater than that of the study area for the latitudes spanning Alaska (Dissing & Wen-
dler, 1998). Thus, the SW20 experiment is intended to address the spatial variability of shortwave radiation across
high‐latitude regions. Shortwave radiation impacts biogeochemical cycles by altering thermal regimes, primary
productivity, and photodegradation of organic matter. Shortwave radiation provides a significant source of heat
for sediments that can be linked to the intensity of CH4 emissions (Liu & Zhuang, 2023; Wik et al., 2016).
Increased shortwave radiation can have varying impacts on the balance of CO2 consumption through photo-
synthesis (Megard et al., 1984) and CO2 production through microbial and photochemical pathways (Jansen
et al., 2019; Koehler et al., 2014).

2.7.3. Air Temperature

For the air temperature (TA1) experiment, air temperature was increased by 1%, which corresponded to the
overall increase in mean annual air temperature by ∼2.7°C, slightly higher than used by Clark et al. (2022). It is
well known that rising mean annual air temperatures in the Arctic are profoundly altering lake systems, impacting
both their physical state and biogeochemistry. While this 2.7°C air temperature increase is lower than the min-
imum anticipated 3.3°C increase by 2100 under Shared Socioeconomic Pathway 1–2.6 (AMAP, 2021), it il-
lustrates the widespread effects of small perturbations in this dominant climate variable. Higher air temperatures
result in warmer waters that promote the release of CH4 and CO2 from lake sediments, as microbial decompo-
sition of organic matter accelerates (Walter Anthony et al., 2018). In the small and shallow lake this response of
temperature warming to the entire water column is immediate. Higher water temperatures increase permafrost
thaw around lake margins, delivering organic matter and nutrients into the lakes, which can alter nutrient cycling
and enhance GHG emissions (Eugster et al., 2022; Prėskienis et al., 2024). The cumulative effects of warming
thus position Arctic lakes as critical nodes in the global carbon cycle, amplifying feedback loops that further
accelerate climate change.

3. Results
3.1. Modeled and Observed Data Comparison

3.1.1. Water Temperature and Snow Cover

Figures 3a and 3b show the results of the modeled water temperature compared with observations at the two ponds
at a 1 m depth. In general, the modeled temperatures were in agreement with the observed temperatures. The MAE
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was 1.1°C and 1.2°C for the unburned and burned ponds, respectively. The coefficients of determination (R2)
between modeled and observed water temperatures were 0.82 and 0.52 for the unburned and burned ponds,
respectively.

Compared with remotely sensed snow cover fraction from VIIRS, modeled snow appearance aligned within
9 days and snow disappearance aligned within 4 days. Figure S2 in Supporting Information S1 shows the time
series of VIIRS snow cover fraction used to determine the alignment.

3.1.2. CO2, O2, and CH4 Concentrations

The R0 parameter, which controls the magnitude of CH4 production in sediments, had the greatest effect on CH4

concentrations and was the focus of model tuning to match observed CH4 concentrations. The top‐performing
sensitivity analysis runs used R0 values of 0.085 and 0.043 μmol m−3 s−1 for the burned and unburned ponds,
respectively. The maximum rate of oxidation (Vmax) also affected CH4 concentrations and needed to be quite low
(0.115 μmol m−3 s−1) for both ponds to match the observed CH4 concentrations. Given the low CH4 oxidation
potential calibrated through Vmax, adjustments of the Michaelis‐Menten half‐saturation concentrations Khs,O2 and
Khs,CH4 did not noticeably improve the agreement between modeled and measured CH4 concentrations. We
elected to use the values for these parameters from Lidstrom and Somers (1984), Liikanen et al. (2002), and
Lofton et al. (2014). Similarly, the reference diffusivity for CO2 transfer between sediments and water (kc,0) was
calibrated but had a minimal effect on the CO2 concentrations. The μβ,0 parameter, which controls sediment
aerobic oxidation rates, had the greatest effect on CO2 concentrations and emphasis was placed on tuning this
parameter to match observed CO2 concentrations. Top performing sensitivity analysis runs used μβ,0 values of 1.7
and 6.5 μmol m−3 s−1 for the burned and unburned ponds, respectively. Parameters were not explicitly calibrated
to match O2 concentrations, as modeled concentrations aligned in magnitude with observations after calibration to
match CH4 and CO2 concentrations.

Figures 3c and 3d compare the modeled and observed CO2 concentrations in the two ponds at a depth of 1 m. The
model matches the pattern of the measured CO2 signal, with MAEs of 15.4 and 8.1 μM, and R2s of 0.69 and 0.42
for the unburned and burned ponds, respectively. Since only a few discrete measurements were available for CH4

and O2 concentrations, we plot them in the form of the box plot comparison, where the seven water samples
available over July–September 2022 are shown in Figure 4. For the unburned pond, one sample yielded a CH4

concentration of 44.18 μM. This measurement was disregarded in Figure 4 and Table 2 because it would have

Figure 3. Comparison of modeled (gray) and observed (red) water temperatures at the burned (a) and unburned (b) ponds at a
1 m depth. Comparison of modeled (gray) and observed (red) water CO2 concentrations at the burned (c) and unburned
(d) ponds at a 1 m depth. The solid red line is the daily mean of 30‐min water temperature and CO2 measurements, calculated
for direct comparison with model outputs at a daily timestep. The light red shading indicates the variability at the 95%
confidence interval of the water temperatures and CO2 concentrations measured throughout each day.

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004441

MULLEN ET AL. 8 of 22

 19422466, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004441 by U
niversity O

f C
alifornia - D

avis, W
iley O

nline Library on [20/06/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



skewed the statistics given the low sample size although similarly high CH4 concentrations have been observed
(Bastviken et al., 2008).

The MAEs between measured and modeled CH4 concentrations were 0.33 and 0.2 μM for the burned and un-
burned ponds, correspondingly. The MAEs between measured and modeled O2 concentrations were 6.5 and
0.73 mg L−1 for the unburned and burned ponds, correspondingly. The high MAE of modeled O2 concentrations
in the unburned pond was due to the considerable variability in two measured concentrations. However, the
distributions of O2 concentrations show a reasonable alignment (Figure 4b). The comparison metrics are docu-
mented in Table 2.

3.1.3. Primary Productivity

Average modeled TSI on the observation dates was 39.2 for both ponds, compared with observed TSI of 44.0 and
39.0 for the burned and unburned ponds respectively (Figure 4c). Overall, modeled and observed TSI had better
agreement at the unburned pond (MAE: 1.3) compared with the burned pond (MAE: 5.0). Observed TSI had
lower temporal variability at the burned pond than the unburned pond, whereas modeled TSI variability was
higher at the burned pond. Overall, modeled TSI variability was greater than observed, but both are characteristic
of slightly mesotrophic ponds (Carlson, 1996).

Figure 4. Box plots of modeled and observed (a) CH4 concentrations, (b) O2 concentrations, and (c) trophic state index (TSI)
for the burned and unburned ponds in the YKD. Concentration measurements were taken from water samples collected at
discrete points in time during summer 2022 at a 1 m depth. Burned pond samples were collected on July 9, 17, and 24, August
19 and 27, and September 2 and 8. Unburned pond samples were collected on July 3, 11, and 22, August 15, 22, and 28, and
September 5.

Table 2
Statistics on the Model‐Data Comparisons and Sensitivity Analysis Runs for No‐Snow Conditions (NS), 20% Increase in
Downward Shortwave Radiation (SW20), and 1% (2.7°C) Increase in Air Temperature (TA1)

Pond

Base case NS SW20 TA1
Mean (SD) MAE R2 Mean (SD) Mean (SD) Mean (SD)

Burned Twater (°C) 7.7 (5.4) 1.24 0.52 7.8 (5.4) 8.3 (5.9) 8.3 (5.7)

CO2 (uM) 38.7 (5.4) 8.01 0.42 38.2 (5.4) 38.7 (5.7) 38.2 (5.0)

CH4 (uM) 0.94 (0.6) 0.33 – 0.96 (1.4) 0.90 (0.7) 0.87 (0.4)

DO (mg L−1) 10.7 (1.3) 0.73 – 10.9 (1.4) 10.6 (1.5) 10.7 (1.4)

Unburned Twater (°C) 7.8 (5.2) 1.06 0.82 8.0 (5.1) 8.4 (5.7) 8.4 (5.4)

CO2 (uM) 97.6 (17.6) 15.37 0.69 96.1 (18.4) 99.4 (19.7) 99.3 (21.5)

CH4 (uM) 1.2 (2.2) 0.2 – 1.1 (1.8) 1.3 (3.6) 2.5 (10.0)

DO (mg L−1) 8.7 (1.8) 6.47 – 8.8 (1.8) 8.4 (1.9) 8.5 (1.8)

Note. Means and standard deviations for each value were calculated over the ice‐free season during final year of simulation at
the pond bottom. Mean absolute error (MAE) and Coefficients of Determination (R2) between modeled and observed
concentrations were calculated for the base case. R2 was only calculated for water temperature and CO2 concentrations
because these variables were continuously observed.
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3.2. Model Sensitivity to Meteorological Inputs

3.2.1. Snow and Ice Cover

We compared the outcomes of three different experiments (i.e., NS, SW20, and TA1) with the base case, where
input meteorology was not altered. These input sensitivity analyses identified the complex interplay between
temperature, radiation, and snow conditions in determining the duration and physical properties of ice and snow
cover on ponds, with implications for understanding the impacts of climate change on these ecosystems.

Between the two ponds, the burned pond had longer ice durations for all climate experiments (Figure 5), likely
due to its smaller volume and surface area. The base case experiment resulted in the longest duration of snow and
ice cover across the ponds. The NS experiment led to the formation of the thickest ice among all the cases.
However, this thick ice melted more rapidly compared to the ice formed under the base case and SW20. Ice and
snow layers in SW20 were very similar to the base case during the snow accumulation phase (Nov. ‐ mid March),
but both ice and snow melted more rapidly during snow ablation (mid‐March–April). The TA1 experiment
resulted in the shortest duration of snow and ice cover, however, ice thickness was the second greatest after NS.
Increasing air temperature by 2.7°C resulted in a 13% and 14% decrease in snow cover duration for the burned and
unburned ponds, and a 10% and 8% decrease in ice cover duration, respectively.

Figure 5. The plots of snow and ice thickness modeled at the burned pond (a–d) and unburned pond (e–h) in the Yukon–Kuskokwim Delta for base case (first row), no
snow (NS; second row), 20% shortwave downward radiation increase (SW20; third row), and 1% (2.7°C) air temperature increase (TA1; fourth row).
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3.2.2. Water Temperature

Figure 6 presents variations in water temperatures at depth (burned: 1.4 m; unburned: 2.5 m) under different
climate experiments. The water temperatures at depth were the same for all simulations except for NS under ice
cover (Figure 6), when the water was inversely stratified (Figure S3 in Supporting Information S1). For the NS
simulation, water temperatures were slightly higher under ice (Figure 6) than any other experiment and showed
weaker inverse stratification than the base case (Figure S3 in Supporting Information S1). NS water temperatures
increased prior to ice melt due to increasing penetration of radiation through the ice. Ice cover in NS melted out
slightly before the base case experiment, and water temperatures warmed correspondingly. After the spring melt,
NS water temperatures quickly assimilated into the base case experiment. Compared to the base case, the TA1
experiment resulted in an average water temperature increase of 0.6°C in the unburned and burned ponds during
the ice‐free season. The greatest increases in water temperatures relative to the base case occurred in April and
May. Water temperatures in SW20 were 0.6°C higher during the ice‐free season in the unburned and burned
ponds as compared with the base case. Warming under increased shortwave radiation (SW20) was high during
May due to earlier ice‐melt, with pronounced warming, above TA1, during the summer.

3.2.3. CO2, O2, and CH4 Concentrations

Simulated CH4 concentrations exhibited a similar behavior across all four evaluated experiments during the ice‐
free period. Under ice cover, the base case had the highest CH4 concentrations at depth, followed by the TA1 and
SW20 simulations, and the NS simulation had the lowest concentrations (Figures 7a and 7d). The rate of increase
in CH4 concentrations under ice cover was similar for the base case, TA1, and SW20 simulations, and was slightly
lower for the NS simulation. The timing and magnitudes of peak CH4 concentrations were determined by the
duration of ice cover.

Figure 6. The daily times series of water temperatures at depth (burned: 1.4 m; unburned: 2.5 m) modeled at the (a) burned
(b) unburned ponds at Yukon–Kuskokwim Delta for the base case (purple), no snow (blue; NS), 20% shortwave downward
radiation increase (yellow; SW20), and 1% (2.7°C) air temperature increase (red; TA1). Water temperatures for the base case
and no‐snow experiments overlap for most of the year except for April and May. Inlay plots show the same water temperature
data with enhanced x and y‐axes.
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The simulations reveal distinctions in CO2 concentrations, with no to minor differences observed up to the point
of initial ice formation and throughout the duration of ice coverage (Figures 7b and 7e). The divergence in CO2

concentrations becomes pronounced subsequent to the ice melt phase. For both ponds, all experiments exhibited a
pattern characterized by a sudden increase in CO2 concentration during ice formation and abruptly declined after
ice melt. The average CO2 concentration prior‐ and post‐ice melt was around 39 μM in the burned pond. The
unburned pond exhibited more dynamic CO2 concentration, with the mean around 100 μM during the ice‐free
period.

The simulations of O2 concentrations showed a gradual increase from July until ice formation in late October and
decreased post‐ice through June (Figures 7c and 7f). During the ice season, both ponds were anoxic for all
simulations except the NS experiment. In the NS experiment, a small amount of photosynthesis occurred under
the ice, allowing for microbial decomposition and CH4 oxidation.

3.2.4. Fluxes of CO2, O2, and CH4

Cumulative CH4 fluxes were ∼5% higher than the base case for both the SW20 and TA1 experiments for both
ponds (Figure 8a). This increase in CH4 flux was comprised of 90% ebullition and 10% diffusion for SW20,
whereas the increase in TA1 was 80% ebullition and 20% diffusion. As compared with the base case, the NS
experiment produced ∼4% higher cumulative annual CH4 fluxes. In NS, ebullition accounted for 35% and 50% of
the increases in CH4 fluxes in the burned and unburned ponds, respectively.

Figure 7. Concentrations of methane, carbon dioxide, and oxygen at depth (burned: 1.4 m; unburned: 2.5 m) for the burned (a–c) and unburned (d–f) ponds. Plots (c) and
(f) contain inlays of the same O2 concentration data with an enhanced y‐axis. Different experiments are shown with different colors.
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CO2 and O2 fluxes increased for all experiments (Figures 8b and 8c). For both ponds, the TA1 and SW20 ex-
periments produced the highest increase in CO2, and O2 fluxes relative to the base case, followed by the NS
experiment. Increases were similar in magnitude for both CO2 and O2, and these increases were slightly lower in
the unburned pond than the burned pond for any given experiment. Fluxes of CO2 and O2 were entirely diffusive.
Although the model considers ebullition of these gases (Stepanenko et al., 2016), their ebullition flux was
essentially zero.

4. Discussion
Understanding the interconnectedness of climate and lake ecosystems is critical in addressing broader environ-
mental challenges. We conducted numerical simulations using a process‐based LAKE model to explore the
impact of an increase in air temperature, downward shortwave radiation, and snow cover on the thermal regime of
pond waters and their GHG dynamics. Our approach and the results highlight the impact of climate on the Arctic's
aquatic ecosystems, emphasizing the role of lake ice in moderating lake thermal and biogeochemical conditions.

Figure 8. The percent difference between yearly cumulative CH4 (a), CO2 (b), and O2 (c) fluxes for climate experiments (NS,
SW20, and TA1) versus the base case at the burned and unburned ponds in the Yukon–Kuskokwim Delta (%
change = experiment flux—base case flux). For (a), ebullition and diffusion fluxes are stacked.
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4.1. Water Temperature

Biogeochemical processes are intricately coupled with the thermal behavior of the aquatic environment.
Consistent with findings by Clark et al. (2022), modeled water temperatures align well with observations
(Figures 3a and 3b), requiring no parameter calibration. The subtle disagreement between measured and modeled
water temperature at the beginning of the burned pond measurements likely resulted from the time needed for the
sensor readings to stabilize in the water.

The ability of the LAKE model to accurately capture the thermal state of these two shallow ponds during ice‐free
conditions is encouraging for modeling the biogeochemical cycles of these water bodies. As the ponds were
completely mixed during summer (Figure S3 in Supporting Information S1), a behavior commonly observed in
water bodies of similar size (Holgerson et al., 2022), the model likely provides a reliable representation of the
summer temperature profile. During winter, inverse temperature stratification occurs in the model runs, where
water temperatures increase with depth (Figure S3 in Supporting Information S1). Weakening of inverse strat-
ification throughout the winter in NS was due to turbulent mixing brought on by continuous penetration of
shortwave radiation through the ice, as seen in numerous model and field experiments (Denfeld et al., 2018;
Jansen et al., 2019; Wang et al., 2022). Representation of thermal inverse stratification in LAKE under ice cover
has been assessed in larger lakes (Stepanenko et al., 2014; Wang et al., 2022), but model performance remains
uncertain in smaller ponds. This underscores a need for future research to assess and refine the model's capa-
bilities in under‐ice conditions.

4.2. Ice Phenology

The climate experiments highlight the interplay between ice formation, melt, and timing of snowfall. The results
show that timing of ice melt is predominantly influenced by the duration of snow cover (Duguay et al., 2003;
Preston et al., 2016). However, this relationship varies based on the process driving snow cover change.

In the absence of snow (NS), the ice disappeared earlier than the base case, despite being three times thicker.
Notably, the ice did not freeze to the bottom in the NS experiment, even in the shallower burned pond (1.5 m).
During the wintertime in 2022, temperatures in the YKD were approximately 1°C colder than the region's 1991–
2022 average (NOAA, 2022). Consequently, ponds of similar depth in this region likely do not freeze to the
bottom, even in extreme years with low precipitation and air temperatures. In contrast, in colder regions such as
the Alaska's North Slope, ponds with depths of 1.3–2.5 m have been found to produce bedfast ice (Arp et al., 2011;
Surdu et al., 2014). This highlights the significant influence of regional climate conditions on freeze‐thaw
dynamics.

Increasing shortwave radiation (SW20) had minimal impact on maximum snow and ice thicknesses and resulted
only in a moderate reduction in their duration. This outcome is unsurprising given the low levels of solar radiation
during peak snow and ice accumulation in the winter and abrupt increase in solar radiation in the spring. In lower
latitudes, however, solar radiation has a much greater influence on the duration of ice cover and wintertime heat
balance (Leppäranta & Wen, 2022).

Among the variables tested, increasing air temperature (TA1) had the most prominent effect on ice phenology,
consistent with the well‐established relationship between air temperature and ice dynamics (Brown &
Duguay, 2010). However, the extent of this impact depends on the region's snow climatology. In TA1, snow was
much thinner due to temperature spikes in December and February, which led to increased maximum ice
thickness due to removal of the insulating snow layer. Despite this, the rapid melting of snow led to the earliest ice
disappearance date.

The LAKE model was able to reproduce snow appearance and disappearance dates with a high degree of accuracy
despite the snowfall data being sourced from a distant weather station. Given the strong sensitivity of ice duration
to snow cover, it is likely that the model provides reasonably accurate estimates of ice duration. However,
incorporating more detailed representation of spatiotemporal variability in snow and ice albedo could further
improve the model accuracy (Robinson et al., 2021).
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4.3. Pond Biogeochemical Calibrations

4.3.1. Calibration of CH4 Dynamics

During the calibration process, we determined that the parameter R0 (rate of methane production) exerted the most
significant impact on methane concentrations in the model. This aligns with Stepanenko et al. (2016), who also
found Khs,CH4, the half‐saturation constant in CH4 oxidation, to be a second critical parameter in matching CH4

concentrations in LAKE. We did not observe the same degree of sensitivity to Khs,CH4. This discrepancy likely
stems from the fact that we reduced the calibrated maximum oxidation rate (Vmax) by an order of magnitude
compared to (Stepanenko et al., 2016), in order to match CH4 concentrations that were an order of magnitude
higher. We could have achieved a similar match to CH4 concentrations at higher oxidation rates by increasing R0

further, but doing so resulted in unrealistically high ebullition rates.

Mean modeled ice‐free ebullition rates were 304 and 140 mg m−2 d−1 for the burned and unburned ponds
respectively. These ebullition values are high compared with mean ebullition for small peatland lakes reported in
the BAWLD‐CH4 data set (85.6 mg m−2 d−1; Kuhn et al., 2021), but still within the data set's observed range. The
fraction of produced CH4 that was oxidized in the ice‐free season was 0.01 for the burned pond and 0.04 for the
unburned pond. While similarly low fractions have been observed (Cunada et al., 2021), we suspect that our
model underestimated oxidation given the observed CH4 concentrations (Bastviken et al., 2008; Cunada
et al., 2021; Knoblauch et al., 2015).

Our omission of groundwater CH4 influx suggests that the calibration of R0 and Vmax compensated for this source
to align with measured CH4 concentrations. Previous studies have found that influx of CH4 through groundwaters
can substantially increase CH4 diffusion rates and even entirely sustain fluxes of CH4 from ponds to the atmo-
sphere (Dabrowski et al., 2020; Olid et al., 2022; Paytan et al., 2015). In our study region, Dabrowski et al. (2020)
have documented a 200‐fold enrichment of CH4 in groundwater relative to lake water, suggesting that ground-
water influx may considerably influence CH4 concentrations in these ponds.

4.3.2. Calibration of CO2 Dynamics

The parameter that had the greatest influence on CO2 concentrations was μβ,0, which represents the quantity and
quality of organic carbon in sediment available for aerobic decomposition. Similar to R0, μβ,0 needed to be
increased to produce moderate correlations between modeled and observed CO2 concentrations. This adjustment
likely compensated for the significantly lower average DOC values in the model (0.0009 mg L−1 for burned,
0.0003 mg L−1 for unburned) compared with measurements (17.2 mg L−1 for burned, 11.9 mg L−1 for unburned).
This discrepancy indicates that a substantial portion of DOC is delivered to these ponds from the terrestrial
subsurface. Influx of DOC has been shown to significantly contribute to CO2 production in high‐latitude ponds
(Prėskienis et al., 2024; Saros et al., 2023), but was not accounted for in this study. The only source of DOC in the
model runs came from degradation of organic material produced within the ponds, which was clearly not enough
to match measurements.

4.3.3. Implications for Model Upscaling

Individual parameters controlling CH4 production, oxidation, and CO2 production in the oxygenated sediments
required pond‐specific calibration to align model outputs with observed gas concentrations. While GHG pro-
duction rates may vary considerably among lakes of different sizes and eco‐climatological regions, water bodies
of similar size and in close proximity tend to show similar rates (Knoblauch et al., 2015; Schwefel et al., 2023).
Our results indicate that characteristics of the surrounding catchment and subsurface hydrology are also important
drivers of GHG fluxes from ponds that must be considered. Future incorporation of lateral transport of chemical
and particulate matter may reduce the dependence of model performance on pond‐specific calibration and allow
for increased confidence in model runs over broad spatial domains where in situ data is limited.

4.4. Wildfire‐Induced Differences in CO2 Concentrations

The contrasting CO2 concentrations observed between the two ponds likely reflect wildfire effects on the sur-
rounding landscape around the ponds. In the YKD, wildfire changed aboveground vegetation community
composition (Baillargeon et al., 2022) and surface soil composition (Moubarak et al., 2023), mobilizing soil
nutrients and enhancing biogeochemical cycling and downstream export (Zolkos et al., 2022). Post‐fire changes
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to the vegetation community could also differentially influence herbivory and feces inputs into each pond,
promoting the observed differences in CO2 concentrations (Beard et al., 2023; Kelsey et al., 2016). Sustained
amplification of the carbon cycling 7 years post‐fire has resulted in increased terrestrial CO2 uptake, reducing
dissolved organic and inorganic carbon inputs into aquatic systems (Ludwig et al., 2022). Ultimately, Zolkos
et al. (2022) determined that surrounding watershed characteristics were a more important determinant of
biogeochemical variability than burn status. These differences in watershed characteristics were accounted for in
the model through calibration of μβ,0 which directly controlled the rate of CO2 production.

4.5. Biogeochemical Response to Climate Experiments

Water temperature, snow cover, and ice disappearance were the primary drivers behind the increased GHG fluxes
for each of the climate experiments compared to the base case. Differences in gas concentrations and fluxes were
most pronounced during spring and fall, coinciding with ice formation and breakup (Hughes‐Allen et al., 2021;
Xue et al., 2024).

4.5.1. CH4 Dynamics in Climate Experiments

Increased water temperatures in SW20 and TA1 during spring and summer elevated CH4 production rates due to
heating of the soil (Figure S4 in Supporting Information S1), which increased CH4 emissions primarily through
ebullition (Figure 8a). The large increase in ebullition at higher water temperatures can likely be explained by
lower CH4 solubility facilitating bubble formation (Wang et al., 2022). The SW20 and TA1 experiments
demonstrated a close coupling between temperature, CH4 production rates, and CH4 emission rates, similar to
observed in Yvon‐Durocher et al. (2014). In reality, other factors such as primary productivity and CH4 oxidation
can greatly alter the temperature dependance of cumulative emissions (Bastviken et al., 2002; DelSontro
et al., 2016; Knoblauch et al., 2015; Prėskienis et al., 2021). In the LAKE simulations, organic substrate was not
coupled with changes in productivity, rather the substrate quality and quantity were calibrated by proxy with the
static R0 parameter. In the model experiments, CH4 oxidation rates were calibrated too low to have a prominent
impact on modeled emissions.

The NS experiment revealed a distinct pathway for increased CH4 emissions under reduced winter precipitation.
Cumulative CH4 emissions rose ∼4% driven largely by diffusive emissions, the increase of which was entirely
due to the ice‐melt diffusion pulse (Figures S5a and S5b in Supporting Information S1). This pulse, which has
been widely observed to be a significant portion of the CH4 emission budget (Karlsson et al., 2013; Phelps
et al., 1998), was 43% and 25% higher than the base case for the burned and unburned ponds, respectively.
Surprisingly, under‐ice ebullition was also highest in the NS experiment (Figures S5c and S5d in Supporting
Information S1). While NS slightly increased CH4 production above the base case due to elevated soil surface
temperatures (Figure S4 in Supporting Information S1), production was still lower than SW20 and TA1 (Figures
S5e and S5f in Supporting Information S1). More importantly, higher soil surface temperatures lowered CH4

solubility at the soil surface where bubbles are released in the model (Stepanenko et al., 2016). A portion of these
bubbles escaped into the atmosphere, but some were trapped under the ice and diffused into the water over time
(McGinnis et al., 2006; Stepanenko et al., 2016), leading to higher CH4 concentrations at the water surface
(Figures S5g and S5h in Supporting Information S1).

Penetration of shortwave radiation also led to elevated photosynthesis (Figures S6a and S6b in Supporting In-
formation S1), O2 concentrations (Figures 7c and 7f) and CH4 oxidation (Figures S6c and S6d in Supporting
Information S1) beneath the ice in NS, which commonly occurs in winter under low‐snow conditions (Jansen
et al., 2021). Oxidation reduced CH4 concentrations at depth (Figures S6c and S6d in Supporting Information S1;
Figures 7a and 7d), however surface concentrations remained high due to bubble dissolution (Figures S5g and
S5h in Supporting Information S1). This below‐ice chain of events catalyzed by shortwave penetration occurred
briefly in the other three experiments, noted by an initial abrupt dip in CH4 concentrations after snow disap-
pearance but preceding ice disappearance (Figures 7a and 7d).

Penetration of solar radiation through ice cover and its impacts on lake temperatures and mixing regime has been
observed and modeled in previously on lakes with low snow coverage and in late winter (Jansen et al., 2021;
Wang et al., 2022), but the impacts on biogeochemistry and GHG concentrations are understudied (Denfeld
et al., 2018). Under‐ice photosynthesis, methanogenesis, and oxidation have been observed in the field (Bram-
burger et al., 2023; Crevecoeur et al., 2017; Elder et al., 2019). In a snow‐removal experiment, (Garcia
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et al., 2019) found that enhanced shortwave penetration led to greater abundance of heterotrophic bacteria and
higher CH4 concentrations, however, specific drivers were not determined. Increased CH4 surface concentrations
in NS were only partially explained by methanogenic productivity. This model experiment indicated that CH4

solubility at the water‐sediment interface had a more dominant influence on CH4 dynamics in no‐snow conditions
under ice. However, there are likely additional processes that were not identified and require further investigation.
The importance of this process in terms of overall GHG budgets remains uncertain due to the potential rarity of
significant light penetration throughout an extended period in winter (Huang et al., 2021; Kirillin et al., 2012).
Other processes like influx terrestrial snowmelt may exert a more dominant influence in observed springtime
fluxes (Jansen et al., 2019).

4.5.2. CO2 Dynamics in Climate Experiments

Increases in CO2 emissions were a result of increases in CO2 production due to elevated water temperatures and
earlier ice melt. Elevated summertime sediment temperatures in TA1 and SW20 resulted in the highest modeled
CO2 production in the sediment and consequent emission (Figures S4 and S7 in Supporting Information S1) for
SW20 followed by TA1. Photosynthesis also increased during the summer months (Figure S7 in Supporting
Information S1) in TA1 and SW20, however, the increase was not enough to offset the increases in biochemical
CO2 production, similar to findings from controlled experiments (Staehr & Sand‐Jensen, 2006). Earlier ice
disappearance was of equal importance for increasing CO2 emissions in TA1 and SW20, and the primary cause in
NS. Faster ice melt allowed for an earlier start to primary production and CO2 production through sedimentary
oxygen demand (Figure S7 in Supporting Information S1). The experiments confirm similar findings from
(Jansen et al., 2019) that oxygen availability exerts the primary control on CO2 production and flux during winter
and immediately after ice disappearance. However, (Jansen et al., 2019) did not find strong correlations between
water temperature and CO2 flux during the warm season due to the dominance of DOC influx as a driver of warm
season CO2 emissions.

4.6. Implications of Climate Change

Under rapidly warming conditions, GHG cycling in high‐latitude water bodies is expected to undergo significant
changes. Recent lake phenological records indicate the duration of ice cover is shrinking at a rate of one day per
year (Sharma et al., 2021). Ponds that may have historically frozen to the bottom will produce bedfast ice less
frequently, crossing a critical threshold (Arp et al., 2012, 2016), as continuous exposure of soil to unfrozen water
will promote talik development and GHG emissions (Arp et al., 2016). Our findings indicate that shorter ice
duration and higher water temperatures drive increased GHG emissions.

There are several processes that this work did not account for that could either enhance or mitigate some of the
observed model responses to climatic drivers. Productivity of aquatic vegetation was not included in our simu-
lations due to its absence in the study ponds. Rehder et al. (2023) found that growth of vascular aquatic vegetation
under a range of climate scenarios was a primary driver of enhanced CH4 emissions through plant‐mediated
ebullition. Our omission of plant‐mediated gas flux may underestimate total GHG fluxes from these ponds,
although the presence of vascular plants was minimal in the study ponds.

It is likely that some of the anticipated increases in CH4 emissions could partially be offset by increases in CH4

oxidation. Our model simulations did not consider the potential temperature dependance of oxidation. Some have
identified this dependance to be low (Duc et al., 2010), but others have found its inclusion to improve model
comparisons with field data (Tan et al., 2024). The LAKE model also does not implement anaerobic CH4

oxidation, a process that may become more prominent in high‐latitudes due to changes in the nature of DOC
fluxes into water bodies brought on by permafrost thaw (Kurek et al., 2023). Influx for DOC and other forms of
carbon are anticipated to increase with permafrost thaw, which could enhance CO2 and CH4 fluxes (Vonk
et al., 2015).

Permafrost thaw‐driven changes to hydrology such as lake creation, lake drainage, and alteration of subsurface
flows can profoundly impact GHG cycles in high latitudes and are important processes to consider in future
projections of GHG emissions (Gao et al., 2013; Tan & Zhuang, 2015b; Van Huissteden et al., 2011), but were out
of the scope of this work.
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Lastly, GHG production in ponds has been linked with other important biogeochemical processes that could be
enhanced under a warming climate (e.g., mercury methylation) (Kelly et al., 1997). Further refinement of similar
modeling approaches could lend itself to a more comprehensive understanding of other aquatic processes that are
pertinent to the ecosystem services provided by high‐latitude water bodies.

5. Conclusions
We utilized the LAKE numerical model to assess the impacts of climatic drivers on CO2, CH4, and O2 con-
centrations and fluxes in two tundra ponds. The study emphasizes the complex and sensitive nature of biogeo-
chemical processes in Arctic ponds to small changes in water temperature and ice cover duration. The results
underline the importance of field measurements and model parameter calibration for representing aquatic
ecosystem processes.

Our research indicates that a 20% rise in shortwave radiation or a 2.7°C uptick in air temperatures could result in a
5% increase in CH4 fluxes and an over 10% increase in CO2 fluxes. With the Arctic warming more rapidly than
lower latitudes (Ballinger et al., 2024; Constable et al., 2022), predictions have the Arctic warming between 3.3°C
and 10°C by 2100 (AMAP, 2021). Should this warming occur linearly, we could see up to a threefold surge in our
initial CH4 and CO2 flux estimates, to 12%–15% and 12%–36%, respectively. Additionally, experiments without
snow revealed a 4% rise in CH4 and CO2 fluxes, demonstrating that lower water temperatures do not necessarily
diminish fluxes. The ice season's length, particularly the ice melt phase, plays a crucial role in elevating cu-
mulative GHG fluxes. Nonetheless, the timing of ice melt is not the only contributor to increased fluxes; other
factors such as groundwater influx and aquatic vegetation also play a significant role (Olid et al., 2022; Rehder
et al., 2023). The effects of groundwater influx and vegetation need further investigation, which falls outside the
purview of our current study.

Data Availability Statement
Raw and processed eddy covariance data has been submitted to the Ameriflux Network for the unburned (US‐
YK2) and burned (US‐YK1) towers. Pond gas concentrations and biogeochemical data can be found on the Arctic
Data Center (Hung et al., 2024). The LAKE model version used, along with input data and configuration files can
be found at Mullen, Jafarov, and Gurbanov (2025). The output data and scripts for preprocessing, post‐processing,
visualization, and analysis can be found at Mullen, Jafarov, Gurbanov, and Stepanenko (2025).
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