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Abstract. Wells can serve as conduits for gas exchange between the subsurface and the atmosphere. Yet, 

the controlling gas-transport mechanisms as a function of well type remain insufficiently understood. In 

this study, we identify and compare the controlling air transport mechanism between two infiltration well 

types located at the same site under similar soil and climatic conditions – a vadose zone well (i.e., dry 20 

well) and a groundwater well (i.e., wet well). During a 1-year experiment, high-resolution CO2 and O2 

concentrations were measured at 1-minute intervals in each well, and atmospheric forcing was 

investigated using barometric pressure and temperature data. The dry well exhibited clear semi-diurnal 

cycles in CO2 and O2 concentrations that were coupled with fluctuations in atmospheric pressure, 

confirming barometric pumping (BP) as the dominant air transport mechanism. In contrast, the wet well 25 

showed no persistent diurnal oscillations. Instead, air transport was governed by seasonal processes: 

diffusion-driven stratification during summer and thermal-induced convection (TIC) combined with 

recharge-related dilution during winter. The groundwater table in the wet well acted as an impermeable 

boundary to BP, effectively suppressing advective gas exchange. From an environmental perspective, the 

dry well exhibits higher CO2 emissions than the wet well, primarily due to the dominance of advective 30 

transport driven by BP, compared to the more diffusion-dominated transport (with a minor seasonal TIC 

addition) in the wet well. These results demonstrate that well type strongly controls air transport 

mechanisms and associated CO2 emissions. 

1. Introduction 

The Earth's surface forms a dynamic boundary characterized by continuous gas exchanges between the 35 

critical zone and the overlying atmosphere. Numerous studies have investigated air transport between 

the subsurface and the atmosphere in a range of terrestrial environments, including porous soils (Du et 

al., 2023; Ganot et al., 2014; Smagin and Karelin, 2021; Smith et al., 2018) and subsurface cavities 

(Bourges et al., 2014; Dumitru et al., 2015; Liñán et al., 2025; Xiong et al., 2025). However, only a 

limited number of studies have examined the role of wells in facilitating or influencing subsurface–40 

atmosphere gas exchange (Kang et al., 2014; Lebel et al., 2020; Levintal et al., 2018a; Levintal et al., 

2020a; Levintal et al., 2020b; You et al., 2011). These studies have shown that such wells, dug for water 

or fossil fuel extraction, can be “hotspots” of greenhouse gas (GHG) emissions and serve as “conduits” 

that allow air transport between the subsurface and the atmosphere. 

As global concern grows over climate change driven by increasing levels of GHG, such as carbon dioxide 45 

(CO2) and methane (CH4), it has become clear that abandoned oil and gas wells can be significant sources 

of these emissions. In California, Lebel et al. (2020) reported significant CH4 emissions (35.4 g/hr) from 

approximately 124,000 abandoned oil and gas wells. Similarly, Kang et al. (2016) estimated that there 

are 470,000-750,000 abandoned wells in Pennsylvania, which contribute 5-8 % of the state's annual 

anthropogenic CH4 emissions. Although there are many oil and gas production wells in the United States 50 

and around the world, there are even more wells of other types, for example, for pumping drinking water 

from shallow aquifers (tens of meters). Only a few studies have investigated emissions from these types 

of wells, with one showing significant CO2 emissions from a single groundwater well at a magnitude 

similar to that of an average wheat field, approximately 1000 to 6000 m2 in size (Levintal et al., 2020b). 
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Humans have been using wells for water since the beginning of their existence. Even today, a significant 55 

portion of the world's population still relies on water from shallow wells for drinking, irrigation, and 

other purposes (Misstear et al., 2017). Only in the United States there are more than 15.9 million wells, 

with about 500,000 new wells being constructed every year (National Ground Water Association 

[NGWA](. There are many types of wells, each having a slightly different purpose. One such type is the 

infiltration well, which is used for managed aquifer recharge (MAR), a method of introducing surface 60 

water into the subsurface for groundwater recharge. 

There are wells that go down to the unsaturated zone (dry wells), and there are wells that reach directly 

into the aquifer (wet wells) (Netzer et al., 2024). Infiltration wells are important, especially in urban 

areas, where a significant portion of the surface is impermeable to infiltration. In urban environments, 

infiltration wells divert surface water during rain events into the subsurface, mitigating urban flooding, 65 

replenishing groundwater with high-quality water, and alleviating the burden on municipal drainage 

systems (Liang et al., 2018; Netzer et al., 2024). Because these wells are directly open to the atmosphere, 

they may act as efficient conduits for the exchange of gases, enabling GHGs to migrate from the 

subsurface to the atmosphere with minimal resistance. This structural openness facilitates rapid air 

transport, especially under dynamic atmospheric conditions, such as fluctuations in barometric pressure. 70 

Infiltration wells, as well as other types of wells, allow the transport of air between the subsurface and 

the atmosphere. This open path may result in the release of CO2 (Levintal et al., 2020b), CH4 (Gora et 

al., 2018), and other GHGs into the atmosphere. There are two potential sources of these gases in wells: 

groundwater at the well bottom (Minamikawa et al., 2010; Morais & Ryan, 2023) and the unsaturated 

zone above the groundwater table surrounding the perforated section of the well (Levintal et al., 2018b). 75 

The dissolved CO2 (CO2(aq)) in groundwater has a partial pressure one to two orders of magnitude higher 

than that in the atmosphere (Macpherson, 2009), driving CO2 degassing. There are several sources of 

CO2 in groundwater and the unsaturated zone, including the respiration of plant roots or microbes, 

oxidation of recent organic carbon in the unsaturated zone, oxidation of old organic carbon in the aquifer 

matrix, and upward leakage of mantle or petroleum reservoir CO2 (Macpherson, 2009).  80 

The air within wells can freely exchange with the atmosphere. The dynamics of the atmosphere, through 

meteorological phenomena and climatic cycles, are one of the driving forces for air transport, controlling 

the magnitude and dominance of the various transport mechanisms (Levintal et al., 2020b; Perrier & Le 

Mouël, 2016). Two advective processes primarily govern air transport within wells. The first, barometric 

pumping (BP), involves the movement of air driven by fluctuations in barometric pressure (Patm) (Jiang 85 

et al., 2023; Li et al., 2022; Mourzenko et al., 2014). The second mechanism, known as thermal-induced 

convection (TIC), results from density instabilities that arise due to temperature differences between the 

well environment (or other subsurface cavities) and the surrounding atmospheric air (Ganot et al., 2012; 

Nachshon et al., 2008; Weisbrod et al., 2009). 

BP is a process in which Patm fluctuations drive air transport between adjacent areas (Levintal et al., 90 

2020b; Mourzenko et al., 2014; Rossabi & Falta, 2002). Air will flow to/from the well depending on the 

differential pressure between the gas pressure in the unsaturated zone surrounding the well and the 
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ambient atmosphere (You et al., 2010). As Patm decreases (i.e., dPatm/dt < 0), the air is drawn from the 

pore space at the unsaturated zone into the open well section, while Patm increases (i.e., dPatm/dt > 0), 

causing air to flow in the opposite direction, from the atmosphere into the well (Neeper, 2003). This 95 

cyclic exchange of gases depends on factors like the intensity and frequency of Patm variability, the 

permeability and depth of the unsaturated zone surrounding the well, and the dimensions of the well and 

perforated section within (Levintal et al., 2018b; Massmann et al., 2000). BP can efficiently transport 

gases, such as CO2, between the subsurface and the atmosphere, making it a key transport mechanism in 

wells (Perriaer & Le Mouël, 2016). 100 

TIC is a process mainly determined by air density differences between the well’s headspace above the 

groundwater table and the atmosphere above, and by vertical air density differences within the well 

(Levintal et al., 2018a; Ganot et al., 2012). To better explain the air’s density differences, a parameter 

named virtual temperature (TV) is used, accounting for the combined effect of temperature (T), relative 

humidity (RH), and the air’s gas composition on the air density (Sánchez-Cañete et al., 2013). TV 105 

represents the temperature of dry air that has the same density as a parcel of moist air at the same pressure 

and gas composition (Monteiro & Torlaschi, 2007). TIC may initiate when the virtual air temperature 

within the well is higher than that of the atmosphere above (i.e., TVwell > TVatm). 

However, although air transport mechanisms in wells have been studied, the effect of the well's type (dry 

or wet) on the mechanisms and CO2 emissions has not yet been examined. To address the limited 110 

understanding of gas exchange in infiltration wells, this study presents high-resolution, multi-depth, year-

long monitoring of CO2 and O2 dynamics in two infiltration wells – a dry well and a wet well – located 

at the same site under identical soil and climate conditions. This unique comparative approach allows 

direct in-situ evaluation of the controlling air transport mechanisms, such as BP and TIC, as a function 

of well type. By quantifying CO2 gas fluxes and identifying the dominant transport drivers, this study 115 

provides new insights into the role of infiltration wells in subsurface-atmosphere gas exchange and their 

potential contribution to GHG emissions. 

2. Materials and Methods 

2.1. site description 

The research was conducted at the Volcani Research Center, located in central Israel, approximately 8 120 

km east of the Mediterranean Sea (31.991245/34.820653) (Fig. 1a). The site overlies the coastal 

plain aquifer, which is an unconfined aquifer, composed mostly of sand and calcareous sandstone, with 

a thickness ranging from a few meters in the east to about 200 m at the coastline (Netzer et al., 2024). 

The average groundwater table at the site was -37.82 m below the ground surface. The climate is 

Mediterranean, characterized by wet winters and hot, dry summers (Lionello et al., 2006). The average 125 

precipitation in the area is 540 mm/year, with 56 rainy days on average per year (Israel Meteorological 

Service (IMS)). 

In July-August 2020, two infiltration wells were drilled: a dry well and a wet, approximately five meters 

apart (Fig. 1a). The wet well is 47 m deep and perforated at the interval of 42–47 m below the ground 
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surface, whereas the dry well is 27 m deep and perforated at 22–27 m below the ground surface (Fig. 130 

1b). In both wells, perforation is 11 %, with a 1 mm opening. Both wells consist of 0.203 m diameter 

PVC pipes. The annuluses around the tubes (diameter of 0.353 m) were filled with cement, excluding the 

levels of perforation that were filled with coarse sand-fine gravel at a diameter of 1.5–2.5 mm (Netzer et 

al., 2024). Since 2020, several controlled infiltration experiments have been conducted during the 

summer months, while the operational infiltration of harvested rainwater from an adjacent roof has been 135 

performed during the winter seasons, as detailed by Netzer et al. (2024, 2025). With respect to the period 

of the current study, on 07/11/2024, a controlled infiltration experiment was carried out on site, during 

which water was injected into the wet well for an hour at an average flow rate of 14.45 m3/h. In addition, 

an operational infiltration through the wet well took place between 20/12/2024 and 29/05/2025. During 

this period, a 0.13-m-diameter pipe was installed in the upper section of the wet well to deliver harvested 140 

rainwater from the adjacent roof; the water was released into the well solely by gravity for MAR 

purposes. It is important to emphasize that the upper boundary of the well remained unsealed; even with 

the installation of the water inlet pipe, gas could exchange freely between the well and the atmosphere. 

 

Figure 1: Experimental design. (a-1) The location of the infiltration wells in the red rectangle (taken 145 

from Google Earth, ©2026 Airbus, CNES), and (a-2) a picture of the infiltration wells. (b) Schematic 

sketch of the infiltration wells with sensors. The dashed horizontal line and blue triangle indicate the 

groundwater table. The dashed vertical lines at the bottom of both wells represent the perforated section. 

(c) Photos of the monitoring system before installation in the dry well. The system of the wet well is 

constructed similarly. 150 

2.2.  Sensor setup and data collection 

On 27/08/2024, a novel high-resolution, real-time monitoring system was installed in both wells (Fig. 

1c). Each system consists of two sensor nodes. Each sensor node was housed in a waterproof box that 

allowed gas exchange between the sensors and the surrounding air. Each sensor node transmitted the data 

to a data logger (Adalogger, Adafruit, USA) and to an online server (Notecard modem, blues.io, USA). 155 

Data was logged at 1-minute intervals. All system components were operated using a 3.7 V rechargeable 
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battery connected to a solar panel. Each node consisted of one sensor to measure CO2, T, and RH (SCD30, 

Sensirion, Switzerland) and a second sensor to measure O2 (Gravity, DFROBOT, China). In both wells, 

we placed one node at the top of the well, at -1 m (top node) and a second node at the bottom of the well, 

at -20 m in the dry well and at -30 m in the wet well (bottom node) (Fig. 1b). 160 

To understand the mechanisms controlling air transport within the wells, we used data from a nearby 

meteorological station, Beit Dagan (IMS), located 1.9 km from the wells at a similar elevation (14  m 

elevation difference). The station recorded T, RH, precipitation, Patm, and wind speed at 10-minute 

intervals. 

The measurements lasted continuously for one year, from 02/09/2024 to 01/09/2025, with several periods 165 

without data due to technical malfunctions. The periods with missing data from the dry well are 

15/12/2024-28/01/2025 and 03/07/2025-11/08/2025. The periods with missing data from the wet well 

are 10/09/2024-24/09/2024, 1-17/11/2024, and 13-23/02/2025. 

2.3.  Well survey measurements 

Additional on-site measurements were conducted monthly to obtain vertical CO2 profiles within the 170 

wells. For this purpose, a trace gas analyzer (LI-7810, LI-COR, USA) was used. The inlet tube connected 

to the gas analyzer was positioned for five minutes at each of the following depths, and the measured 

concentrations were recorded: surface air, -1, -5, -10, -15, and -20 m (and -25 m and -30 m in the wet 

well). In addition, we used a CO2(aq) probe (Solu-Blu™, Pro-Oceanus, Canada) to measure groundwater 

concentrations. 175 

2.4.  Quantifying CO2 fluxes 

2.4.1. Calculating air velocity using CO2 data 

High-resolution CO2 measurements from the two sensor nodes installed in each well enabled the 

calculation of vertical air velocity within the well (Vair). Assuming advective transport, where CO2 moves 

as part of a bulk air mass, Vair within the well can be calculated as follows (Levintal et al., 2020b): during 180 

upward air flow with high CO2 concentrations from the groundwater or unsaturated zone (outflow), an 

increase in CO2 concentration is expected to occur first at the bottom node, followed by the top node. 

The time lag between these responses represents the travel time of the air mass between the two points. 

Dividing the vertical distance between the nodes (19 m in the dry well; 29 m in the wet well) by this time 

lag yields the upward Vair. This method can also be applied to downward flow events to estimate the 185 

velocity of air with low atmospheric concentrations (~420 ppm) entering the well from the atmosphere 

(inflow). In this case, a decrease in CO2 concentration is expected to occur first at the top node, followed 

by the bottom node. 

2.4.2. Transforming CO2 units from ppm to mass 

To calculate the CO2 fluxes, concentrations converted from units of ppm to units of mass (g/m3) using 190 

the following equation: 
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[CO2]m = (
[CO2]ppm×MCO2×P

R×T
)(

10−3kg

g
)                                                                               (1)           

where [CO2]m [g-CO2/m3] is the CO2 concentration in mass, [CO2]ppm [ppm] is the CO2 concentration in 

ppm, MCO2 [g/mol] is the molar mass of CO2 (44.01), P [Pa] is the pressure, R [m3 Pa/(K*mol)] is the 

universal gas law constant (8.31451), and T [K] is the temperature. 195 

2.4.3.  CO2 flux calculation 

The flux was calculated as the Vair component multiplied by the cross-sectional area of the pipe (CO2 flux 

across a plane, such as the well-atmosphere interface): 

QCO2 = [CO2]m × Vair × Awell                                                                                              (2) 

where QCO2 [g-CO2/min] is the mass flux of CO2, [CO2]m [g-CO2/m3] is the CO2 concentration measured 200 

at the top node in each well using Eq. 1, Vair [m/min] is the velocity of the air, (plus and minus signs 

represent outflow and inflow directions, respectively), and Awell [m2] is the cross-section of the well at 

the well-atmosphere interface (0.03265 m2). 

2.5.  Time-series analysis 

All analyses and calculations were performed in Python, with key operations implemented using the 205 

scientific libraries NumPy, pandas, and SciPy (see Fig. S1 in the supplementary information for the 

algorithm flowchart). The time-series data were first preprocessed to ensure analytical consistency. This 

included chronological sorting and smoothing of key variables (CO2 and O2 concentrations at both top 

and bottom nodes) using a 30-point rolling mean. 

First-order numerical derivatives were computed for each smoothed signal to assess rates of change and 210 

identify local inflection points. For the dry well, the onset of increasing CO2 concentrations (termed as 

valley points) was detected by locating zero-crossings in the derivative that marked transitions from 

decreasing to increasing CO2, followed by a verification that the subsequent slope remained positive for 

at least 80 minutes. Similar logic was applied to identify peak points in the top node's CO2, defined as 

the last data point before a sustained negative derivative (see Fig. S2 in the supplementary information 215 

for an example). In contrast, such peaks and valleys analyses were not performed for the wet well's time-

series, as its gas concentration profiles exhibited minimal short-term variation, suggesting an absence of 

consistent diurnal air transport (see the discussion in section 3 for more information). 

Following the identification of valley and peak events in the dry well, valley points in the bottom node 

were temporally matched to subsequent valleys in the top node, constrained by a minimum separation of 220 

40 minutes. These matched intervals were used to calculate Vair over the known vertical distance between 

sensors. Outflow events were defined as the intervals between a valley and its succeeding peak in the top 

node and were used to segment the data for further analysis (Fig. S2). In parallel, Patm peaks were 

identified in meteorological data using peak prominence thresholds. Then, the temporal offset between 

pressure peaks and outflow initiation was quantified to investigate barometric forcing. 225 
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Frequency-domain characteristics of CO2, O2, temperature, and Patm were analyzed using fast Fourier 

transform (FFT) (Perrier and Richon, 2010), with power spectra computed over positive frequencies and 

examined up to 10 cycles per day. The FFT is an extremely efficient algorithm used to compute the 

Discrete Fourier Transform (DFT) and its inverse. The primary purpose of the Fourier Transform is to 

decompose a signal (a function of time or space) into its constituent frequencies. In essence, it converts 230 

a signal from its original time-domain representation to a frequency-domain representation (Slade, 2013). 

3. Results and Discussion 

3.1.  Time series data 

Time series data at 1-minute intervals of O2, CO2, and ΔTV within the wells, and the Patm are presented in 

Fig. 2 (dry well) and Fig. 3 (wet well). In order to better discern trends, five representative consecutive 235 

days during June 2025 were selected. In the dry well, both CO2 and O2 concentrations exhibited clear 

semi-diurnal oscillations, but in opposite directions (Fig. 2b and 2c). CO2 concentrations at both the top 

(-1 m) and bottom (-20 m) nodes ranged from atmospheric background levels (~420 ppm) up to 40000 

ppm, the saturation limit of the sensor. O2 concentrations fluctuated between 16.3 % and the atmospheric 

baseline of 20.9 %. Patm also exhibited semi-diurnal cycles, with an average value of 1005.8±0.99 hPa 240 

(Fig. 2a). The virtual temperature of the atmosphere (TVatm) was higher than that within the well at the 

bottom node (TVbottom) with an average difference (ΔTV = TVbottom − TVatm) of -5.62±4.18 °C (Fig. 2d). 

In contrast to the dry well, gas behavior within the wet well showed markedly different trends (Fig. 3b 

and 3c). At the bottom node (-30 m), CO2 levels remained above the sensor saturation threshold (40000 

ppm) throughout the observed period, indicating poor ventilation and persistent gas accumulation. 245 

Correspondingly, O2 concentrations at the bottom remained low and stable, averaging 16.2±0.06 %. At 

the top wet well node (-1 m), CO2 concentrations were low compared to the bottom wet well node with 

an average of 852±418 ppm, and O2 concentrations with an average of 20.8±0.1 %. ΔTV was lower than 

in the dry well, with an average of -7.87±3.25 °C (Fig. 3d). 

 250 
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Figure 2: Time series data from five representative days for the dry well. ΔTV represents the virtual 

temperature (TV) differences between the bottom node of each well and the atmosphere 

(TV(bottom) − TV(atm)); positive ΔTV means thermal instability. Top and bottom nodes correspond to -1 and 

-20 m, respectively. The pink-shaded areas represent outflow events.  255 

  

Figure 3: Time series data from five representative days for the wet well. ΔTV represents the virtual 

temperature (TV) differences between the bottom node of each well and the atmosphere 

(TV(bottom) − TV(atm)); positive ΔTV means thermal instability. Top and bottom nodes correspond to -1 and 

-30 m, respectively. 260 

The trend observed in the dry well over the five days shown in Fig. 2 was also observed throughout the 

monitoring period (see Fig. S3 in the supplementary information). The trend observed in the wet well 
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over the five days shown in Fig. 3 was also observed during the warm months (April-October), whereas 

in the cold months (November-February), a different trend was observed, as discussed in Section 3.4.2. 

3.2.  Concentration vs depth 265 

Vertical concentration profiles of CO2 within the dry and the wet well, which were measured on specific 

sampling days (~1-month intervals), are presented in Fig. 4. In the dry well, the observed depth profile 

depended on the time of measurement. On days when the measurement was made in the early morning 

hours (7:00-10:30), during an inflow event, atmospheric values were observed at all sampling depths of 

the well (e.g., Fig. 4a, brown line). However, on days when measurements were taken in the late morning 270 

or afternoon (10:30-14:00), at the beginning or during an outflow event, CO2 values increased with depth 

(e.g., Fig. 4a, blue lines). 

The depth profiles of CO2 in the wet well showed a different pattern (Fig. 4b). On all sampling days, 

CO2 concentrations increased with depth, but the maximum values measured at the bottom of the well 

were seasonally dependent. On winter sampling days (November–February), CO2 concentrations at a 275 

depth of -30 m were lower than on spring sampling days (March–May), which in turn were lower than 

on summer sampling days (June–August). A seasonal shift was also evident in the CO2 transition layer 

depth, where concentration increases became most pronounced. In summer, this transition layer depth 

occurred closer to the surface (−5 to −10 m), while in spring and winter, it shifted deeper (around −20 

m) or was absent altogether. In the latter cases, CO2 concentrations increased more gradually with depth. 280 

These patterns suggest that in the wet well,  warm atmospheric conditions strengthen stratification, 

limiting vertical mixing and allowing CO2 to accumulate in the deeper layers, forming a linear 

concentration gradient. 
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Figure 4: Depth profiles of the CO2 concentration in (a) the dry well and in (b) the wet well. Each line 285 

represents a different sampling day. Blue lines represent winter months, green lines represent spring 

months, and red lines represent summer months. CO2 concentrations were measured with the Trace Gas 

Analyzer (LI-7810, LI-COR, USA) (section 2.3). 

3.3. Air velocities and CO2 fluxes  

Air velocities and CO2 fluxes were calculated only for the dry well, as in the wet well, low CO2 290 

concentrations were measured at the top of the well, suggesting air stratification with negligible advective 

air velocities. Most outflow events in the dry well were characterized by air velocities ranging from 0.1 

to 0.3 m/min, with the average air velocity calculated during the outflow events being 0.246 m/min (Fig. 

5a). The flux per minute (using Eq. 2) and the cumulative flux over the entire measurement period are 

shown in Fig. 5b. 295 

 

Figure 5: (a) Histogram of air velocities during outflow events in the dry well; (b) Continuous and 

cumulative CO2 fluxes from the dry well during the experimental period. Blank areas indicate missing 

data due to system malfunctions (see section 2.2 for additional details). 

The measured flux values are relatively lower than those of other wells. Levintal et al. (2020b) found 300 

that the CO2 flux from an abandoned water well (110 m in depth and 1 m in diameter) reached up to 5 g-

CO2/min in the summer months, while the flux measured in the dry well usually did not exceed 1 g-

CO2/min. The lower CO2 fluxes in the dry well are most likely due to relatively low air velocities (Vair 

parameter in Eq. 2) during the outflow events within the well (~0.2 m/s compared to >1 m/s in Levintal 

et al., 2020b). 305 

3.4.  Air transport mechanisms 

3.4.1. Barometric pumping in the dry well 

Fig. 6a shows CO2 concentrations at the bottom and top nodes of the dry well, along with Patm, over three 

representative days in June. Both CO2 concentrations and Patm exhibit clear semi-diurnal cycles, with two 

peaks per day. Notably, the onset of increasing CO2 concentrations at the bottom node (valley points in 310 

Fig. 6a) consistently precedes the rise in CO2 at the top node. This pattern indicates an outflow event, in 

which CO2-rich air is first transported from the surrounding unsaturated zone into the bottom of the well 

through the perforated section and then up the well shaft to the atmosphere. Conversely, during inflow 
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events, the CO2 concentration at the top node begins to decrease before changes are observed at the 

bottom node. This timing indicates the entry of atmospheric air into the well, displacing the internal gas 315 

downward into the surrounding unsaturated zone. Importantly, these air transport cycles are tightly 

coupled with Patm fluctuations. The beginning of a Patm decrease (Patm peak points in Fig. 6a) always 

precedes the outflow events and vice versa. A consistent temporal lag was observed between the Patm peak 

and the onset of outflow events. On average, the decrease in Patm preceded the initiation of outflow by 

~130 minutes (see Fig. S4 in the supplementary information), reflecting the delayed response of the 320 

subsurface air column to pressure gradients.  

In addition, the inverse behavior observed in O2 concentrations (Fig. 2b) supports the presence of 

advective air transport. During outflow events, as CO2 concentrations increase due to the upward 

movement of CO2-rich air from the subsurface, O2 concentrations concurrently decrease, consistent with 

a displacement of atmospheric air by subsurface air. This coupled, opposing trend between CO2 and O2 325 

is characteristic of bulk, advective air movement. 

FFT analysis further confirms that changes in Patm control air dynamics in the dry well (Fig. 6b). The 

power spectrum of the Patm signal reveals a prominent peak at 2 cycles per day, which matches the 

dominant frequency observed in the CO2 and O2 concentration data from both the top and bottom nodes. 

This spectral coherence strongly suggests that Patm is the primary driver of the air transport in the dry 330 

well. In contrast, air temperature shows a peak at one cycle per day, which does not align with the 

fluctuations in CO2 and O2 concentrations. This distinction supports the conclusion that pressure, rather 

than temperature, is the dominant forcing mechanism for air transport in the case of the dry well. 
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Figure 6: (a) Time series data from three days during summer showcasing the effect of Patm on air 335 

dynamics in the dry well. A drop in Patm precedes outflow events. (b) FFT analysis of the measured CO2 

and O2 concentrations from top and bottom nodes, Patm, and air temperature. 

Further studies indicate the effect of BP on air transport between the subsurface and the atmosphere. For 

example, in an experiment conducted in British Columbia, Canada, a subsurface wellbore leakage was 

simulated (Forde et al., 2017). They found that intervals of decreasing Patm were strongly correlated with 340 

increased CH4 flux into the atmosphere, and, conversely, intervals of increasing Patm were strongly 

correlated with decreased, and even ceased, CH4 emissions.  

3.4.2. Air stratification and recharge events within the wet well 

The air transport mechanisms observed in the wet well differ substantially from those in the dry well , 

although both are located at the same lithology under the same atmospheric conditions. During the 345 

warmer months (April to October), the wet well exhibits clear vertical linear stratification, with elevated 

CO2 concentrations at the bottom and near-atmospheric CO2 levels at the top (Fig. 3c and 7c). This 

pattern is consistent with thermal stability within the well, as indicated by sustained negative ΔTV values 

during the same period (Fig. 7d), which suppressed TIC mixing and allowed CO2 to accumulate in the 

lower well section. 350 

In contrast, winter months are characterized by a breakdown of this stratification due to multiple 

contributing factors. The first is the onset of thermal instability, which promotes vertical mixing of air 

masses within the well column (Perrier and Richon, 2010; Levintal et al., 2018a). The second is specific 

to infiltration wells and relates to the operational introduction of rainwater. During this infiltration period, 

increased water input into the well was associated with a rise in the local groundwater table of ~0.1-1 m 355 

(Fig. 7a). This hydrological change coincided with a decrease in CO2 concentrations and an increase in 

O2 concentrations at the bottom of the well (to below 1000 ppm and above 20 %, respectively). Previous 

studies indicate that rainwater infiltration can flush or dilute subsurface CO2 pools (Delsarte et al., 2021) 

and that rainwater generally contains significantly lower CO2(aq) than groundwater. Therefore, a possible 

explanation is that the addition of rainwater with low CO2(aq), in contrast to the higher CO2(aq) typically 360 

found in groundwater (e.g., Fig. 7e, summer months), diluted the CO2(aq) in the groundwater, which is 

one of the sources for CO2 in the well shaft above. In the context of infiltration wells, introduction of 

rainwater may therefore reduce well CO2 concentrations by dilution, consistent with our observations. It 

is important to note that although the two wells are located ~7 m apart and have the same soil and 

atmospheric conditions, no BP was observed in the wet well, unlike in the dry well. This is due to the 365 

groundwater table being above the well's perforation depth (i.e., wet well definition), which is considered 

an impermeable boundary to BP-driven air transport (You et al., 2010). 
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Figure 7: One-year time series data (September 2024 - August 2025) in the wet well. (a) Groundwater 

table within the well and precipitation. The light blue arrow represents the experimental infiltration 370 

conducted on 07/11/2024 and the light yellow background represents the operational infiltration period 

during winter; (b) O2 concentrations in the top and bottom nodes; (c) CO2 concentrations in the top and 

bottom nodes; (d) ΔTV between the bottom node and the atmosphere (TV(bottom) − TV(atm)) – positive values 

indicates thermal instability conditions; (e) CO2(aq)  in the groundwater measured during the monthly 

field days (dates of the field days above the bars). Blank areas indicate missing data due to system 375 

malfunctions (see section 2.2 for additional details). 

3.5. Conceptual model – Air transport mechanisms in dry and wet infiltration wells 

To synthesize the above findings, we developed a conceptual model illustrating the dominant 

mechanisms governing air transport in a dry well vs. a wet well type (Fig. 8). The model was developed 

based on the continuous data obtained from the monitoring systems installed in both wells, 380 

complemented by observations collected during field days and supported by previous studies (Li et al., 

2022; Levintal et al., 2020b). The model integrates both diurnal and seasonal dynamics, highlighting the 

contrasting behaviors of the two well types and the key physical processes that control air transport 

between the subsurface and the atmosphere. 

Fig. 8a illustrates the BP mechanism, which was observed only in the dry well. This process is driven by 385 

fluctuations in Patm, which induce alternating inflow and outflow events, as discussed in section 3.4.1. 

When dPatm/dt < 0, air with high CO2 is drawn from the pore space in the unsaturated zone into the open 

well section and to the atmosphere (Fig. 8a, red arrows), while dPatm/dt > 0 initiates air with atmospheric 

CO2 concentrations to flow in the opposite direction, from the atmosphere into the well  (Fig. 8a, blue 

arrows). The BP mechanism exhibits a diurnal cycle, with an average of two cycles per day (Fig. 6); 390 
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however, no trends were observed in the dry well on a seasonal scale, as shown in the 1-year time series 

(Fig. S4). The BP mechanism in wells has already been reported in several studies (e.g., Jiang et al., 

2023; Li et al., 2022; Neeper, 2003), yet this is the first time it has been compared between two well 

types (dry vs. wet well) under similar soil and atmospheric conditions. 

Fig. 8b and 8c present the wet well type in which, in contrast to the dry well, seasonal mechanisms 395 

govern air transport dynamics without observed diurnal patterns. During the summer season (Fig. 8b), 

thermal stability within the wet well suppresses TIC air mixing, resulting in diffusion as the dominant air 

transport mechanism. This diffusion-dominated regime promotes vertical stratification of the well air 

column, as supported by the vertical linear CO2 decrease in the air column from the groundwater table 

to the wellhead above (red lines in Fig. 4b). During the winter season, air transport in the wet well is 400 

influenced by two environmental factors. First, atmospheric cooling induces thermal instability within 

the well, facilitating TIC and promoting vertical mixing of the well’s internal air column. This process 

leads to a decrease in CO2 concentrations at the bottom of the well down to atmospheric concentrations 

of ~420 ppm during large TV (e.g., Fig. 7c and 7d; see CO2 values of ~420 ppm at the bottom node during 

ΔTV ~20 °C). 405 

Second, rainwater infiltration into the well during operational recharge periods further decreases CO2 

concentrations at depth. Rainwater, typically undersaturated with respect to CO2(aq) compared to 

groundwater, dilutes CO2(aq) in the groundwater, thereby reducing CO2 degassing and lowering CO2 

concentration in the well. It is important to emphasize that the seasonal transition between the dominant 

air transport mechanisms is not abrupt; an intermediate state occurs, mainly during spring. It's a transient 410 

stage in which the TIC is developed from above, causing two distinct sub-sections with a transient layer 

at ~-15 m: an upper TIC-driving mixing layer and a lower diffusion-driving vertical gradient (green lines 

in Fig. 4b). 

This conceptual model indicates the seasonal stratification and TIC observed in the wet well compared 

to the diurnal BP mechanism active in the dry well, emphasizing the roles of both well type and 415 

atmospheric forcing in controlling air transport. It highlights the importance of considering both temporal 

scales (diurnal vs. seasonal) and structural types (wet vs. dry) when evaluating the potential for gas 

exchange between subsurface environments and the atmosphere via wells. 

From an environmental perspective, the dry well exhibits higher CO2 emissions than the wet well, 

primarily due to the dominance of advective transport driven by BP, compared to the more diffusion-420 

dominated transport (with a minor seasonal TIC addition) in the wet well. Although the CO2 fluxes 

measured in this study were relatively low (Fig. 5) and thus associated with minimal environmental 

impact, these findings may not be representative of all well systems. In shallow wells that are directly 

open to the atmosphere and strongly influenced by Patm fluctuations, CO2 emissions may be substantially 

higher and could contribute meaningfully to atmospheric GHG concentrations. Moreover, site-specific 425 

factors such as soil type, higher GHG concentrations in groundwater or the unsaturated zone, climatic 

conditions, and wellhead geometry (e.g., diameter) are likely to modulate the magnitude of gas emissions, 

potentially leading to greater environmental impacts in other settings. 
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Figure 8: Conceptual model of the mechanisms controlling air transport within (a) a dry well, (b) a wet 430 

well in summer, and (c) a wet well in winter. The dashed horizontal line and blue triangle indicate the 

groundwater table. The dashed vertical lines at the bottom of both wells represent the perforated sections. 

Low CO2 concentrations are ~420 ppm, and high CO2 concentrations are site-dependent (in our case, 

~40000 ppm). 

4. Conclusions 435 

This study presents a novel comparison of air transport mechanisms in two types of infiltration wells 

under identical climatic and soil conditions, using high-resolution monitoring of CO2 and O2. One well 

at a depth of 47 m, which reaches below the groundwater table (a wet well), and a second well at a depth 

of 27 m, which reaches the unsaturated zone, above the groundwater table (a dry well). In both wells, 

sensors were installed at the top of the well (-1 m) and at the bottom of the wet well (-30 m) and the dry 440 

well (-20 m), measuring CO2 and O2 concentrations, temperature, and relative humidity every minute for 

one year. The main objectives of the study were to compare the air transport mechanisms of the two wells 

and to examine the potential for CO2 emissions from the wells to the atmosphere. 

The dry well exhibits clear, dynamic semi-diurnal fluctuations in gas concentrations, strongly coupled 

with barometric pressure changes, indicating active barometric pumping. In contrast, the wet well 445 

displays a more stratified gas profile with limited temporal variability, driven by thermal gradients and 

recharge operations. The dry well data suggest that barometric pressure fluctuations facilitate alternating 

inflow and outflow events, effectively ventilating the subsurface through the well’s perforated section. 

This mechanism results in high-amplitude cycles of CO2 accumulation and O2 depletion, followed by 

rapid atmospheric renewal. In the wet well, however, persistent water saturation suppresses barometric-450 

driven exchange and promotes vertical stratification of gases, especially during warmer months. Winter-
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time thermal instability and recharge events, on the other hand, disrupt stratification and promote mixing, 

thereby lowering CO2 concentrations. 

The CO2 flux from the dry well was greater than that from the wet well, due to the mechanisms 

controlling each well. The CO2 flux from the dry well to the atmosphere was minor, despite the high 455 

concentrations measured during the outflow events, due to low air velocities within the well. However, 

when scaled up to hundreds or thousands of wells, even a flux of this magnitude could be significant. 
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