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Forest soil CO2 flux measurements are important for studying global climate change. Current monitoring methods are based on closed gas chambers, which block the wind pumping effect of near-surface winds in the measurements, resulting in biased values. Therefore, in this study, the effects of near-surface winds on chamber-monitored fluxes were investigated. The CO2 flux was quantified using a designed flux reference system with different CO2 concentrations, and the monitoring performance of the closed chamber was studied. Wavelet coherence was used to analyze the response relationship between near-surface winds and soil gas, and was combined with a flux calculation model to explore the relevant factors influencing gas chamber measurement-produced bias. The data indicate that at near-surface wind speeds greater than 0.8 m·s−1, gas transport enhancement was significant and further increased the deviation of the gas chamber-monitored CO2 fluxes. The monitoring error of the flow chamber (NSF) increased from 7% to 30% in soils with low carbon content, but did not vary significantly (3–7%) in soils with high CO2 concentrations. The flux measurement bias of the non-flow chamber (NSNF) was positively correlated with the soil carbon content, with the measurement error expanding by 16–24% with increasing soil CO2 concentrations. The measurement errors of the exponential and linear models in a windless environment were 9.8% (Exp) and 18.7% (Lin), respectively. The estimation errors of both models were positively correlated with both the time of a single monitoring event and the wind-induced coefficient Dw. Therefore, flux calculation models should be improved by considering environments with wind disturbances to reduce the effect of wind on measured values, which will help improve the accuracy of ecosystem carbon budgets.
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1 Introduction

Owing to human activities, forests are gradually shifting from being carbon sinks to carbon sources (Piao et al., 2017; Wang et al., 2017). Because forest soil is a huge carbon pool (Kumar et al., 2013; Hu, 2016; Xu et al., 2019), equivalent to approximately three and two times the total terrestrial biogenic and atmospheric carbon stocks, respectively (Rustad et al., 2000), the measurement of soil carbon emissions (carbon fluxes) is critical for studying global climate change (Sanz-Cobena et al., 2021). Previous studies have reported that the annual global CO2 release from forest soil is 68–92 Pg C (Jenkinson et al., 1991; Raich and Potter, 1995; Subke and Bahn, 2010), accounting for 60–90% of the respiration of the entire terrestrial ecosystem. This is substantially higher than the annual CO2 released into the atmosphere from fuel combustion (5.2 Pg C) (Schlesinger and Andrews, 2000; Denman et al., 2007; Goffin et al., 2015). Thus, a 10% error in the soil CO2 flux monitoring is comparable to the total release from fuel combustion.

Over the last few decades, techniques for monitoring forest soil CO2 fluxes have significantly improved, such as the use of absorption in alkaline solutions, chromatography, chamber methods, and micrometeorological methods. However, the primary monitoring techniques currently in use are based on the gas-chamber method. This approach is widely used in the carbon cycle and other environmentally relevant studies (Norman et al., 1997; Davidson et al., 2002; Xu et al., 2006; Midwood and Millard, 2011; Jacinthe, 2015; Poblador et al., 2017; Buragiene et al., 2019; Rittl et al., 2020; Zhang et al., 2022), and is mainly divided into closed-chamber (also known as transient or non-stationary systems) and open-chamber (also known as steady-state systems) systems (Livingston and Hutchinson, 1995; Davidson et al., 2002; Pumpanen et al., 2004; Xu et al., 2006; Sahoo and Mayya, 2010). The principle of a closed system is to calculate the soil CO2 flux based on the CO2 concentration change rate in the chamber, in conjunction with the appropriate model. This method generally has a short monitoring time and is easy to operate. The principle of an open system is to calculate the CO2 flux based on the gas flow rate, along with the difference in CO2 concentration between the inlet and outlet chambers. This approach generally has a long monitoring time, and there are many variations in chamber design (Fang and Moncrieff, 1998; Edwards and Riggs, 2003; Subke et al., 2003; Xu et al., 2006). Closed chambers are the most commonly used. However, the measurement process is demanding on the surroundings, as the chamber can change the measurement environment. This creates a “chamber effect” under fluctuating air pressure and wind turbulence (WT), which can develop unnatural conditions. Moreover, the measurements in closed chambers under WT can be biased by the “venturi effect” (Conen and Smith, 1998; Bain et al., 2005). Accordingly, Xu et al. (2006) have designed special vents to limit any wind-induced pressure fluctuations. These restrict the measured outflows to those driven by the diffusion mechanism, avoiding outflow overestimation due to pressure drops inside the chamber caused by the “venturi effect” of open vents. However, because WT or atmospheric pressure fluctuations affect soil gas transport mechanisms, changing them from diffusion to a combined diffusion–convection drive, the measurements do not match the actual emissions. The effects of air pressure fluctuations (pressure pumping effect) and wind pumping (WT) on soil gas transport have been previously studied (Maier et al., 2012). Air pressure fluctuations are mainly generated by changes in atmospheric pressure, which cause soil gases to fluctuate, thereby increasing the gas exchange rate. This phenomenon is associated with changes in air pressure (several hundred Pa. over several hours) (Clements and Wilkening, 1974; Massmann and Farrier, 1992; Sánchez-Cañete et al., 2013; Forde et al., 2019; Levintal et al., 2019). WT is generated by surface winds in the boundary layer that induce gas transport and enhance the exchange between soil gases and the atmosphere (Kimball and Lemon, 1971; Takle et al., 2004; Nachshon et al., 2012; Sánchez-Cañete et al., 2016; Pourbakhtiar et al., 2017; Poulsen et al., 2018; Laemmel et al., 2019). However, the effect of atmospheric pressure fluctuations on soil gas transport occurs over large timescales. WT-induced gas transport is often characterised by a high frequency and short duration; therefore, it is the most important factor for closed gas chambers with a short duration of monitoring (Maier et al., 2012; Levintal et al., 2019; Moya et al., 2019). This is because the closed-air chamber blocks the wind pumping effect of the surface WT in the measurement, thus reducing the driving functions of the airflow on soil CO2 and possibly leading to biased soil CO2 flux measurements (Maier et al., 2019). In addition, errors in the flux calculation models may be further amplified in snowy environments; this has not been clarified in previous studies. However, WT perturbations are inevitable during actual field measurements. Therefore, this study investigated the measurement of CO2 flux results in a closed gas chamber in a crowded environment.

In this study, we designed a new flux reference system based on species mass conservation, studied the response relationship between near-surface wind and soil CO2 concentration, quantitatively investigated the monitoring performance of closed gas chambers in field environments, and analyzed their monitoring effectiveness in soil environments with different carbon contents and gas porosities. All experiments were conducted under natural wind conditions. We also explored the factors associated with bias in gas chamber measurements in conjunction with flux calculation models, and provide effective monitoring recommendations for closed gas chamber measurements in the field.




2 Materials and methods



2.1 Site description

This study was conducted at Zhejiang A&F University, located in Hangzhou, Zhejiang Province (latitude 30°15′N–30°16′N, longitude 119°43′E–119°44′E). The region has a subtropical climate with less than 30 wind-free days (surface wind<0.2 m·s−1) per year. The experimental site was in the school’s maple garden at 60–70 m altitude, and covered an area of 22,000 m² that was planted with a number of different species, including Acer cinnamomifolium, Acer yangjuechi (Fang and Chiu), Acer palmatum Thunb., Koelreuteria paniculata Laxm., and Osmanthus fragrans (Thunb.) Lour. The experimental system comprised a square gas control chamber and a special tent, the orientation of which is shown in Figure 1A. The top of the chamber was filled with a homogeneous soil medium for soil gas emissions, and gas diffusion in the chamber was regulated. CO2 was used as a tracer to quantitatively study the measurement effect of the gas chamber in the field environment. Tents were used to shield near-surface winds and create a wind-free environment. The study was conducted from November 2021 to January 2022 for a three-month trial at an average temperature of 9.5°C.




Figure 1 | Experimental equipment and scene layout for this study. (A) Site layout plan of the experimental equipment. (B) The location of the anemometer installation. (C) Near-surface wind isolation equipment (tents). (D) Three-dimensional model drawing of the diffusion gas chamber. (E) Schematic diagram of the gas control system.






2.2 Gas control systems

The soil CO2 flux control system (Figure 1E) primarily comprised a stainless-steel diffusion gas chamber (50 cm long, 50 cm wide, and 27 cm high) divided into upper and lower sections (Figure 1D). At 20 cm from the bottom, a CO2 diffusion chamber with five ventilation tubes (8 mm in diameter and 8 cm in length) was pressed onto the surrounding surface, with one at 10 cm in the diffusion chamber which served as the chamber pressure-monitoring port. The differential pressure was measured by connecting the high-pressure side (H) of the HCS3051 differential pressure sensor (Qingdao Huacheng Measurement and Control Equipment Co., Ltd., China, accuracy:0.15 Pa) to the outer end, and the low-pressure side (L) to a stable barometric reference system (Mohr et al., 2020). Two ventilation tubes at 1 and 17 cm acted as air inlets and outlets, respectively. The two external interfaces of the ventilation tubes at 1 cm were connected to one end of a precision gas flow meter (MF4003-02-O6, Nanjing Shunlaida Measurement and Control Equipment Co., Ltd., China, accuracy: ± 1.5%) using a tee adapter, and the other end of the meter was connected to a mixed CO2 cylinder with a controlled flow rate. The two external interfaces of the ventilation tube at 17 cm were connected to one end of the other precision flowmeter, which was then connected to the pump. The pump outlet was connected to an infrared gas analysis device. Five CO2 concentration sensors (DCO2-TFW1, Beijing Dihui Technology Co., Ltd., China, accuracy: ± 3% reading) were installed in the diffusion chamber at 10 cm to monitor the real-time changes in CO2 concentration in the chamber. The detection component of the soil flux-monitoring chamber was placed above the diffusion-gas chamber. The four corners of the calibration device, at a depth of 20 cm, used small brackets to hold in place a steel yarn plate that was not easily deformed. After laying the plates, sterile, inactive dry soil media were evenly laid on the plates at approximately 5 cm, and the collar of the monitoring gas chamber circle was inserted into the soil. Two CO2 sensors were then placed at the periphery of the collar in a diagonal distribution (Pavelka et al., 2018). After completing the soil arrangement, two CO2 sensors were placed on the soil surface to observe the trends in soil surface concentrations.




2.3 Tracer gases and soil physical parameters

CO2 with molar fractions of 2,000, 4,000, and 6,000 μmol·mol−1 was used as the tracer gas in the experiments. These CO2 concentrations were similar to those of the soil surface in the field at the time of the experiments and represented the different carbon contents of the soil environment well. All experiments were performed under dry conditions and were not affected by CO2 solubility in water or the use of sterile soil media; there was no additional CO2 production or consumption. The physical properties of the three-soil media used in the experimental process are given in Table 1, whose main analytical process was still the unfolding of a clay loam with total soil porosity (Ф) 0.48, CO2 gas diffusion coefficient (Ds) 6.16×10−6 m2·s−1, air permeability (κ) 1.7×10−11 m−2, and Hazen effective particle size coefficient (Cu) less than 1.7. Ds in a medium can be estimated from the molecular diffusion coefficient in air (D0). Two well-known models are the Buckingham (1904) and Millington and Quirk (1961) models, with   and  , where θ is the effective porosity. When the soil is dry, θ = Ф (Pourbakhtiar et al., 2017; Levintal et al., 2019).


Table 1 | Physical properties of the soil medium used in this study: d10 and d60 are the particle diameters for which 10 and 60% of the particles (by mass) are smaller, respectively; Ф is total porosity, κ is air permeability, Ds is the diffusion coefficient of the CO2 gas in the medium, and Cu is the Hazen effective particle size coefficient.






2.4 Wind speed collection and wind isolation devices

The near-surface wind speeds were measured using a three-dimensional anemometer (EC-A3; Jinzhou Sunshine Meteorological Technology Co., Ltd., China) located approximately 5 m east of the gas control room (Figure 1A) in order to account for the prevailing northerly winds during this season and to prevent errors due to human disturbance during the experiment. The instrument was placed 1 m above the ground (Figure 1B) to study the relationship between near-surface wind speed and CO2 flux monitoring room measurements, and to check the in situ velocity profile in conjunction with a ground-based wind calculation model. The effects of wind on air chamber monitoring were controlled in the study by insulating the near-surface wind with a specially designed 1.8 m long, 1.8 m wide, and 2.6 m high tent (Figure 1C) (Pumpanen et al., 2004; Lebel et al., 2020; Fleming et al., 2021) with a breathable screen at the top and perimeter and a breathable bottom.




2.5 Flux monitoring devices and calculation models

Based on a study of closed gas chambers, the experiments used the two most frequently used categories at this stage: non-stationary flow chambers (NSF) and non-stationary non-flow chambers (NSNF). Their basic monitoring principle is based on fitting the gas concentration in a closed gas chamber with an increase in monitoring time, and the calculation models are mainly linear and exponential. The difference is that the flow chamber was designed with a gas mixing and circulation system to prevent concentration build-up at the bottom of the chamber; this can further reduce measurement errors. The basic equations for both models are as follows:

 

where f [μmol·m−2·s−1], V [m3], A [m2], C [μmolCO2·m−3], and t [s] represent the flux, gas chamber volume, gas chamber area, CO2 concentration, and time, respectively. This experiment used a 30 cm diameter and 15 cm high cylindrical monitoring chamber for NSNF measurements (2–3 cm inserted into the soil during measurement). The CO2 sensor parameters in the NSNF were identical to those in the diffusion chamber with a sampling frequency of 1 Hz, and the calculation model used a simpler linear model. Soil CO2 flux data were collected using a flow-through gas chamber (Li-8100 measurement system; Li-Cor Bioscience Company, Lincoln, Nebraska, USA) and were calculated using an exponential model.

In addition, the most common linear and exponential models used for closed gas chambers were analyzed using a non-stationary diffusion model (NDFE) to closely understand the factors associated with errors arising from gas-chamber measurements. The NDFE is a flux calculation method based on a derivation of the diffusion principle, where reasonable assumptions are made about certain conditions, such as that the gases in the chamber are well mixed at any given time (Livingston et al., 2006), as follows:



where,

 

and where C(0,t) [μmolCO2·m−3], Cs0(0) [μmolCO2·m−3], θ, De [m2·s−1], h = V/A [m], and f0 [μmol·m−2·s−1] represent the CO2 concentration in the monitored chamber after deployment, the initial CO2 concentration in the monitored chamber, the effective porosity of the soil, effective diffusion coefficient of the CO2 (or “apparent diffusion coefficient”), effective height, and initial flux, respectively. Because many environmental factors (near-surface wind and air pressure) drive soil gas diffusion during field measurements, enhanced gas transport and convective gas transport may occur in certain special media (large grain sizes) or soil environments (atmospheric pressure fluctuations). However, in common soil types, wind-induced gas transport occurs predominantly in the form of diffusion (Levintal et al., 2019). The effective diffusion coefficient (De) was used for modeling analysis at this point (Poulsen and Sharma, 2011; Maier et al., 2012; Pourbakhtiar et al., 2017) as follows:

 

where Dw [m2·s−1] and De represent the wind-induced diffusion coefficient (gas transport enhancement factor) and the sum of Dw and Ds (gas diffusion coefficient), respectively.




2.6 Reference flux calculation

According to the advection diffusion equation (ADE), the CO2 gas concentration does not change with time when the gas in space is in a steady state; thus, the amount of CO2 entering the control body is equal to the amount exiting the control body. The equation expression for the CO2 reference flux fr is as follows (Jiang et al., 2022):

 

where ∂c/∂z, Q [m3·s−1], A [m2], Cin [μmolCO2·m−3], and Cout [μmolCO2·m−3] represent the CO2 concentration gradient, gas flow rate, area, CO2 concentration into the control body (CO2 concentration in the experimental gas bottle), and CO2 concentration out of the control body (CO2 concentration in the gas collection bottle), respectively.




2.7 Experimental procedures

This study aimed to investigate and quantify the effectiveness of monitoring closed-air chambers in a wind environment under natural conditions. Owing to resource constraints, the experiments did not include multiple variables simultaneously; however, each tracer gas and other variables were studied using the same protocol. Various sensors were calibrated before the experiment. The experimental procedure was divided into three stages. 1) Unsteady state of the gas chamber: The flow rate was first controlled with the CO2 cylinder valve. Then, the tracer gas was introduced into the diffusion chamber and the inlet flow meter was observed to fine-tune the airflow precision valve to the required flow rate. At this point, the differential pressure meter readings were positive, and the pump was opened and adjusted to the appropriate gear. By controlling the precision gas valve of the outgoing gas flow meter, the airflow reading was adjusted to the same level as the incoming gas end while observing the differential pressure meter reading; the indication basically recovered. All concentration sensors were turned on to record the CO2 concentration at the corresponding location, and the 3D anemometer was adjusted to record the real-time near-surface wind speed at the site with a sampling frequency of 1 Hz. Finally, the entire gas control unit (including the differential pressure measurement system) was covered with the prepared wind-isolation equipment (tent), and the air permeability of the tent top was checked to prevent excess CO2 accumulation inside the tent, which could affect the results of the experiment. 2) The gas concentration was observed using a computer remote-control program until the CO2 concentration in the diffusion chamber reached a steady state, as indicated by a <1% average change in the diffusion chamber over 20 min. The soil CO2 flux was calculated according to the ADE [flux = flow rate×(inlet CO2 concentration−outlet CO2 concentration)]. To verify the stability of the experiment and test the monitoring of closed air chambers unexposed to wind, two chambers (NSF and NSNF) were placed on the control unit, and multiple values were recorded and compared with the control system fluxes. The NSF system was set to 2 min for continuous monitoring of 3–4 values, and the NSNF system was set to 3–5 min to prevent unnecessary errors arising from long monitoring periods. 3) Exposure to wind after the gas chamber reached steady state: At a suitable time (when near-surface winds were significant), the tent was gently lifted and moved approximately 5 m southwest of the gas control room to prevent blocking near-surface winds. At this point, the soil CO2 flux monitoring gas chamber measurement experiment was initiated, and multiple values were recorded. Data were collected in staggered batches using NSF and NSNF, depending on the wind conditions at the site. The control chamber would be re-covered after 2–3 cycles and, after waiting for 30 min, Step 3 would be repeated.




2.8 Data analysis

Near-surface winds, particularly gusts, have high frequency and short-duration characteristics. To capture information about the correlation between near-surface winds and soil gases, and to explore the response of gases in the soil to near-surface winds, data were analyzed using the wavelet coherence method and MATLAB (MathWorks, R2020b, Natick, USA) software. The closed-air chamber monitoring model was solved, and the error was analyzed using Mathematica 12 (Wolfram Research Inc., 2020, Rhode Island, USA).





3 Result and discussion



3.1 Near-surface winds

Figure 2 shows the near-surface wind data from the experimental site in January 2022: Figures 2A–D show the wind speed during the day (9:00–17:00), and Figures 2E, F show the wind speed at night (19:00–23:00). The winds at the site were predominantly northerly, consistent with the expected prevailing winter winds. The wind speed measured near the surface during the day was predominantly 0.5–1.0 m·s−1, which moved the surrounding leaves slightly, whereas the wind-free frequencies were 16.53%, 11.93%, 27.74%, and 19.87%. The wind speed at night was predominantly 0–0.5 m·s−1 (imperceptible to humans), with wind-free frequencies of 32.76% and 50.48%. The near-surface winds were relatively calm at night, with the proportions of both wind speed and wind moments being significantly lower than those during the day. In addition, wind days accounted for the majority of days, in conjunction with the results of relevant meteorological studies (Kong and Zhang, 2021), and windy conditions were the norm in field monitoring. According to the daytime wind speeds, the values were less than 1.0 to 1.5 m·s−1. Combined with the wind speed profile calculation formula (Levintal et al., 2019), the results (2.9–4.3 m·s−1) were less than the wind speed provided by the local weather station (4–6 m·s−1), so there was an underestimation. This may have been related to the scattered surrounding trees, which partially insulated from the wind; therefore, the experiments were conducted using near-surface winds in the field as the subject of study.




Figure 2 | Wind rose diagram at 1 m from the surface at the field experiment site (January 2022). (A–D) Near-surface wind-related data during the day (9:00–17:00). (E, F) Near-surface wind-related data at night (19:00–23:00). The central band represents the calm (no wind) state; the colored bars represent the different wind speeds and the data represent the proportion of the corresponding wind speed; the circular concentric circles and the coordinating scale represent the proportion of wind speeds in different directions.






3.2 CO2 gas in the diffusion chamber

Field experiments were performed at similar temperatures (close to 10°C). The concentration profiles in the diffusion gas chamber measured using the five CO2 sensors in this environment are shown in Figure 3. Experiments using different tracer gas concentrations indicated that the trends of CO2 concentration within the gas chamber were identical, and that the values at steady state were proportional to the tracer gas concentration. This simulated soil environments with different carbon contents, and allowed us to explore a range of soils, from barren to rich. In addition, the concentration curves for 4,000 and 6,000 μmol·mol−1 tracer gases showed relatively clear plateauing periods, which indicated that the conditions for reaching steady-state concentrations within the diffusion chamber were valid and demonstrated that the tent acts as a barrier to near-surface winds. However, the curve for 2,000 μmol·mol−1 tracer gas showed relatively fluctuating trends, mainly because of the high wind speed on the day of the experiment (the local meteorological office indicated a north-westerly wind of 5–6 m·s−1), which was also shown in Figure 2B (maximum wind speed above 3.0 m·s−1), and fluctuating differential pressure inside and outside the gas chamber. In addition, the tracer gas concentration might have been relatively low during the experiments. When the gas concentration in the diffusion chamber reached stability, the CO2 fluxes in the diffusion chamber calculated from the CO2 concentrations in the collector bottle were 998, 1,797, and 2,498 μmol·mol−1, which correspond to 1.79, 3.93, and 6.25 μmol·m−2·s−1 flux, respectively.




Figure 3 | Curve of CO2 concentration in diffusion chamber with time during the experimental process (inlet and outlet gas flow: 0.6 L·min−1). (A–C) CO2 tracer gas concentrations of 2,000, 4,000, and 6,000 μmol·mol−1, respectively. The five different colors represent the readings of five CO2 sensors in the diffusion chamber, and the thick black line represents the average CO2 concentration in the diffusion chamber.






3.3 Evaluation of closed air chamber monitoring

Before exploring the effect of near-surface winds on closed-chamber measurements, the performance of the closed-chamber monitoring was assessed. Figure 4 shows the results of the closed-chamber CO2 flux monitoring at different tracer gas concentrations and flow rates (0.3 and 0.6 L·min−1) with negative flux errors and an underestimation effect. The NSF stability was significant during the measurements, with no discrete points. The coefficient of variation (CV) for a single measurement remained between 1.1 and 1.3, indicating a good fit to the measured concentration data. The CO2 flux measurement error fluctuated less and exhibited a decreasing trend with increasing tracer gas concentration, with a maximum error of<8%. In contrast, the CO2 flux from multiple measurements in the NSNF was more discrete. This was largely related to the flux model used and the time period chosen for the fitting calculations, which generated random errors in the flux measurements. The overall trend in the flux measurement error was positively correlated with the tracer gas concentration, with errors being greater than those measured by the NSF (20–30%). There was a relatively large flux error for a CO2 molar fraction of 2,000 μmol·mol−1, probably because the gas concentration within the diffusion chamber did not reach a steady state. In addition, the flux errors at different gas flow rates were not significantly related, and the incoming and outgoing gas flow rates did not significantly affect the CO2 flux measurements.




Figure 4 | Flux statistics monitored in the enclosed air chamber unexposed to wind. (A, B) Inlet and outlet tracer gas flow rate: 0.3 and 0.6 L·min−1, respectively. The abscissa represents the reference flux of the diffusion chamber, and the flux error is the average measured flux of the closed chamber relative to the reference flux. A negative value implies that the measured CO2 flux of the closed chamber is less than the actual flux of the control system, indicating flux measurement underestimation.






3.4 Response of CO2 to near-surface winds

To investigate the response of CO2 concentrations to near-surface wind speeds at different locations, a gas control chamber with concentrations in a steady-state phase was exposed to wind (tent removal), and experimental data from a randomly selected hour were analyzed (Figure 5). Figures 5A–D represent the near-surface wind speed, CO2 concentration at the soil surface, CO2 concentration in the soil, and CO2 concentration in the diffusion chamber, respectively. The shaded areas in Figure 5 show the response relationship between CO2 concentration variations and near-surface wind. When the wind speed was greater than 0.8 m·s−1, the CO2 concentration on the soil surface and inside the diffusion chamber showed a weak response, with the concentration on the soil surface increasing and the corresponding concentration inside the diffusion chamber decreasing, with the most obvious change occurring from 1,700 to 2,200 s. However, when the wind speed was greater than 0.8 m·s−1, the CO2 concentration in the soil layer increased rapidly; the response was significant, showing a stable change pattern. This phenomenon is probably due to the gas concentration at the soil surface being more pronounced owing to wind-induced turbulence, which greatly increases the gas exchange rate and rapidly dilutes CO2 at the soil surface. The diffusion chamber, because of the high concentrations and the isolation of the soil layer from near-surface winds, had relatively stable gas concentrations (10–20 μmol·mol−1). In contrast, the CO2 concentration in the soil layer fell between the first two layers, with relatively favorable concentrations and easily observable trends.




Figure 5 | CO2 gas response relationship to near-surface winds in the gas control system (random 1 hour). (A) Total wind speed data at 1 m from the surface over time. (B–D) CO2 concentration change at the soil surface, soil layer, and diffusion chamber, respectively. The different NO symbols in the figure represent the different layers of the sensor.



Wavelet coherence analysis was used to clearly observe and understand the CO2 response relationship between near-surface winds and soil layers (Figure 6). Figure 6 shows significant covariance in the 32–128 s and 512 s bands of the period, indicating a strong correlation between them, corresponding to the shaded areas shown in Figure 5. In the 100–200 s, 1,100–1,200 s, and 1,300 s periods, the significant cross-wavelet power in the 32–64 s band was approximately 0.75–0.85, with the arrow (vector) pointing to the right and remaining essentially horizontal, indicating that the CO2 concentration response was synchronized with wind speed changes. Other periods in the same band (32–64 s) showed opposite phase differences (arrows point to the left), indicating a lag in the response of CO2 in the soil to near-surface winds. In the 950–1,300 s period, the covariance for the 128 s band was approximately 0.85, showing a phase angle of approximately 270°, indicating a 30 s lag in the concentration-response time.




Figure 6 | Wavelet coherence analysis (WCA) to test the effect of near-surface winds on CO2 concentrations in the soil layer (same time period as Figure 5). The yellow areas with black contours represent highly significant temporal correlations with a 5% significance level. Shaded areas indicate cones of influence, where correlations are not affected by edge effects. The arrows indicate the phase angle relationship between the two time-series. The horizontal arrows to the right and left (phase angles 0° and 180°, respectively) indicate that the two time-series are in and out of phase, respectively.



The reliability of the CO2 increase in the soil layer can be verified by clarifying the relationship between near-surface winds and the gas response in the soil layer. According to the data from 1,700 to 2,200 s in Figures 5C, D, the near-surface wind induced a 100–150 μmol·mol−1 increase in CO2 concentration in the soil layer, and a corresponding 10–20 μmol·mol−1 decrease in CO2 concentration in the diffusion chamber. The ratio of their effective heights was 3/25, which was verified by the law of conservation of component masses, consistently explaining the induction effect of near-surface winds on the diffusion chamber.




3.5 Influence of near-surface winds on closed air chamber measurements

Figure 7 shows the results of CO2 flux monitoring for a wind-exposed closed gas chamber, with the reference flux calculated from the CO2 concentration (gas collection bottle) corresponding to the measurement period in the closed gas chamber, thus avoiding errors caused by fluctuations in the CO2 concentration with wind. Since the gas control room was exposed to the wind, the gases in the diffusion chamber fluctuated with the surface wind and their concentrations changed (10–40 μmol·mol−1), which led to corresponding fluctuations in the reference fluxes. Figure 7A shows that the measurements for the NSF were relatively stable, but the CVs for a single monitoring session (1.6–1.9) were significantly greater than those for the chamber unexposed to the wind, indicating that the near-surface wind affected model fitting. The NSNF measurements were unstable and closely related to the time period chosen for concentration fitting. Both chambers also suffered from measurement underestimation (both flux errors were negative), which was more significant than that measured for a chamber unexposed to wind. This result is also clearly observed in the flux measurement error plot (Figure 7B), where the errors measured for the corresponding air chambers unexposed to wind are higher than those measured for the chambers exposed to wind. In addition, the CO2 flux measurements in the NSF were negatively correlated with the tracer gas concentration, and the relative error decreased as the concentration increased, whereas the measurements in the NSNF were not significantly correlated (Figure 7B). However, when combined with different flow rates, the CO2 flux measurements were generally positively correlated with the tracer gas concentration, with the error (underestimation) increasing (significantly) as the concentration increased. This phenomenon occurred primarily because the gas mixing and flow system in the NSF was designed to prevent concentration build-up at the bottom of the chamber, reduce the gas concentration gradient, and further reduce measurement errors. Diffusion still dominates the gas transport mechanism with increasing concentration, with non-diffusive transport being relatively weak or even negligible. However, high concentrations substantially narrow the diffusion gradient in the concentration build-up in the air chamber, which is not conducive to monitoring NSNF. Moreover, the relative errors measured in the three gas chambers exposed to wind were significant, being 16–24% larger than those in the chambers unexposed to wind (Figure 7B). When combined with near-surface wind speed data, the corresponding half-hourly average wind speeds at these three locations increased, further increasing the flux measurement errors, which is consistent with the phenomenon reported by Maier et al. (2019).




Figure 7 | Plot of flux statistics monitored in the closed air chamber exposed to wind, with comparison of flux errors. (A) The flux statistics measured in the closed chamber at different CO2 gas concentrations and flow rates. The horizontal coordinates represent the reference flux of the diffusion chamber. The flux error is the average measured flux of the closed chamber relative to the reference flux. The white dots of the diamond represent the average wind speed during the monitoring of the closed chamber. (B) The error in CO2 flux measurements for closed gas chambers for different experimental variables (gas flow, concentration, and wind speed), where black represents NSF chambers, dark green represents NSNF chambers, solid circles represent chambers not exposed to wind, half-circles represent chambers exposed to wind, and arrows represent significant effects of wind on closed chamber flux measurements. Negative values have the same meaning as before.






3.6 Closed-air chamber flux model

Assuming that the design of the closed chamber with regard to the differential pressure balance port is reasonable, the internal environment of the measuring chamber can be maintained consistently. At this point, we analyzed the most commonly used linear and exponential models for closed gas chambers using NDFE, thus expanding Eq. 2 in the power-series form. The results were as follows:

	,

 

where C(0,t) [μmolCO2·m−3] represents the CO2 concentration in the monitored chamber after deployment. Comparing the linear and exponential models using Eq. 6 reveals that it is simplified by omitting the complex higher-order terms of the power series expansion, which leads to a bias in the calculated flux (f0) that causes it to be lower than the actual flux. By combining the relevant parameters, it can be calculated that the model for being unexposed to wind produces 18.7% (Lin, 5 min monitoring) and 9.8% (Exp, 2 min monitoring) errors, which are similar to the errors in the measurements for the air chamber unexposed to wind. A positive correlation between the error and the air chamber monitoring time is shown in Figure 8. Moreover, Eq. 6 indicates that the effective height of the gas chamber and the relevant parameters of the soil medium (such as porosity and diffusion coefficient) influence the measurement results; an increased effective height of the gas chamber reduces the monitoring error, while the porosity and diffusion coefficient are positively correlated with the monitoring error. A detailed analysis of the errors arising from air chamber monitoring in the absence of wind disturbance is not underway, but has been reported in several previous studies (Gao and Yates, 1998; Livingston et al., 2006; Venterea and Baker, 2008; Sahoo and Mayya, 2010).




Figure 8 | Correlation between the accuracy of the flux (f0) calculation for the selected model and the monitoring period of the closed air chamber. The data marked on the graph represent the flux error corresponding to the deployment time of the selected model in the closed chamber. Negative values indicate that the flux calculated by the selected model in the closed chamber are lower than those calculated by the non-stationary diffusion model (NDFE).



In this study, we investigated the bias in flux calculations in a wind-influenced environment. According to previous studies, near-surface winds enhance soil gas transport; thus, the effective gas diffusion coefficient De (or “apparent diffusion coefficient”) is greater in a windy environment than that in a windless environment. To quantify the enhancement of soil gas transport by near-surface winds, the wind-induced diffusion coefficient Dw was determined by recording the CO2 concentration change rate in the gas chamber after stopping the aeration of the diffusion chamber and allowing the gas to diffuse freely within the chamber. Based on the data in Figure 9, the diffusion chamber flux is 16% greater after being exposed to winds, meaning that near-surface winds enhance soil gas transport and increase gas “apparent diffusion coefficient”. At this point, an error analysis based on the NDFE showed that the error in the flux calculation was positively correlated with both Dw and the monitoring duration (Figure 10). The exponential model yields better estimation results for the same monitoring duration. When gas transport was enhanced by 20% (Dw = 0.2 Ds), the relative error was −15.7% and −20.1% for the exponential and linear models, respectively, for the same monitoring period of 5 min, which significantly underestimated the flux calculation.




Figure 9 | CO2 molar fraction in the diffusion chamber (exposed and unexposed to wind) as a function of time after the control system stops ventilating. The black line represents the slope of the CO2 molar fraction.






Figure 10 | In a windy environment, the accuracy of the flux (f0) calculation for the selected model as a function of the time spent monitoring the closed air chamber and the wind-induced enhancement effect. (A) Model calculation error as a function of air chamber monitoring duration, where the percentage is the wind-induced enhancement, (Dw/Ds). The physical parameters of cohesive soils are used in the analysis. (B) Air chamber deployment for 5 min and model calculation error as a function of wind-induced enhancement effects.



The effects of different porosities on the monitoring of closed gas chambers in humid environments were also studied. Three different soil media (loam, sandy, and sand) with 0.48, 0.41, and 0.36 porosities, respectively, a 4,000 μmol·mol−1 gas concentration, and 0.3 L·min−1 gas flow rate were selected for field experiments in wind in turn. However, the porosity and air chamber monitoring errors (10.9%, 7.5%, and 16.2% for NSF measurement errors; 39.4%, 26.7%, and 31.4% for NSNF measurement errors) were not significantly correlated, probably because of the limited experimental resources that did not allow the three soils to be tested simultaneously. However, the effect of near-surface wind on the air chamber measurements was significant and greater than the measurement bias, owing to the different porosities.




3.7 Discussion

Near-surface winds are closely related to soil-gas emissions and are favorable for soil CO2 transport. Because wind speeds tend to be higher during the day than at night, their enhanced effect on soil CO2 transport is more pronounced, which is consistent with the wind pump effect reported in several previous studies. Therefore, near-surface winds are environmental impact factors that cannot be ignored when studying soil CO2 or other gas emissions. In contrast, near-surface winds significantly affected CO2 fluxes measured in the closed-air chamber.

The measurements for the air chambers not exposed to wind were significantly better than those for the chambers exposed to wind, with NSF being more stable than NSNF. This was primarily because the gas mixing and circulation system in the NSF was designed to prevent concentration build-up at the bottom of the chamber, thereby reducing the gas concentration gradient and measurement errors. However, the flux measurements were underestimated, and they were positively correlated with near-surface wind speed, with the underestimation significance increasing with increasing wind speed. This phenomenon confirmed the inference that the WT affected the air chamber, as mentioned by Levintal et al. (2019). Moreover, the CO2 flux monitoring results of NSF and NSNF differed in soils with different carbon contents, and NSF showed significantly superior performance in soils with high carbon concentrations and large errors in the flux measurements at low concentrations. The underestimation produced by the measurements for NSNF was significantly positively correlated with the concentration. This phenomenon may be related to the gas transport mechanism, which remains diffusion-dominated at high concentrations, with non-diffusive transport being relatively weak or even negligible. However, high concentrations cause a significant build-up of gas chamber concentrations and a narrowing of the diffusion gradient, which in turn is detrimental to NSNF monitoring. Therefore, during practical monitoring in the field, gas concentrations are measured using an NSF as much as possible. However, the influence of soil types, particularly poor and dry soils, on the measurement results should be studied. Moya et al. (2019) reported that the wind or barometric pumping effect is pronounced for gases in dry and barren regions, thereby increasing the gas chamber isolation effects and bias in the measurements. In this study, wavelet coherence was introduced to analyze the response relationship between near-surface wind speed and gases in the soil. Good results were obtained, and these results will provide new ideas for studying soil gas transport; they will also help analyze the significance of the relevant factors.

The flux errors analyzed by the model were very close to those recorded when unexposed to the wind. Further analysis of the model yielded the same results as those of Livingston et al. (2006) and Venterea and Baker (2008), with a positive correlation between measurement errors and monitoring duration. This error occurs primarily because both linear and exponential models simplify the equations by omitting the complex higher-order terms of the power-series expansions (Eq. 6). This phenomenon can be corrected by computational modeling, and experiments are recommended to mitigate flux underestimation using other curve-fitting estimation methods such as exponential curves, whereas single long-term measurements are not recommended. For some closed gas chambers, when using the exponential model to estimate the diffusion rate constant fit, the calculated values can deviate significantly from the actual flux in humid environments. This is because the diffusion rate constant is essentially an integrated expression of the effective gas diffusion coefficient (or “apparent diffusion coefficient”). They are often designed to circumvent CO2 concentration build-up in the gas chamber over time, which rapidly decreases the gas concentration gradient and affects the fit of a key parameter (diffusion rate constant). Therefore, the given gas concentrations change over a sufficiently short period (usually approximately 10–20 s) to fit the data. This is an accepted method of fitting in the absence of wind or environmental disturbances. However, in the presence of wind fluctuations, the fitted values for the first few seconds are used instead of the main parameters for the calculation, and the results deviate from reality. This is because, based on the data in Figure 9, the diffusion chamber flux when exposed to winds is 16% stronger than it would be otherwise, suggesting a high “apparent diffusion coefficient” of the gas in near-surface winds, which would reduce the effectivity of the gas chamber parameter fitting method in gusts and cause biased flux estimates.

Owing to the effect of near-surface winds, the air at the soil surface in the air chamber is rarely in a steady state during flux monitoring, and wind-mediated changes in air movement at the soil surface are random. Therefore, devising a gas chamber method or sampling scheme whereby gas mixing within the chamber accurately simulates the soil gas transport state during or prior to the use of the chamber is difficult, and measurement errors are inevitable, particularly in humid environments. Therefore, multiple flux measurements should be performed during windless periods, using the average to reduce errors and improve flux data accuracy. In addition, special shields (tents) can be used to reduce the instability caused by near-surface winds during the determination of soil respiration using the air chamber method.





4 Conclusion

The effect of near-surface WT increased the “apparent diffusion coefficient” of soil CO2, and the enhanced effect of gas transport was significant at >0.8 m·s−1 wind speed. Additionally, near-surface winds affected closed-air chamber monitoring, further underestimating the CO2 flux. Moreover, the gas chamber monitoring performance and soil CO2 gas concentration were found to be closely related, and the NSF measurement performance was better than the NSNF for high CO2 gas concentrations. The flux measurement error of the NSNF was positively correlated with soil CO2 gas concentration.

Regarding the calibration of measurement errors in air chambers, near-surface wind speed data-based biases arising from measurements in wind-turbulent environments in closed-air chambers can be corrected in bare soil (in the absence of surface vegetation), and the results are valid. Alternatively, an attempt can be made to correct the gas chamber measurements using either the power spectrum of pore pressure fluctuations measured at the soil level or the pressure pumping coefficient (PPC).
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