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Abstract Due to their large carbon storage capacity and ability to exchange subterranean CO2 with the
atmosphere, soils are key components in the carbon balance in semi‐arid ecosystems. Most studies have
focused on shallow (e.g., <30 cm depth) soil CO2 dynamics neglecting processes in deeper soil layers where
highly CO2‐enriched air can be stored or transported through soil pores and fissures. Here, we examine the
relationship among variations in subterranean CO2 molar fraction, volumetric water content, soil
temperature and atmospheric pressure during three years within soil profiles (0.15, 0.50, and 1.50 m depths)
in two semi‐arid grasslands located in southeastern Spain. We applied a wavelet coherence analysis to study
the temporal variability and temporal correlation between the CO2 molar fraction and its covariates (soil
temperature, soil moisture and atmospheric pressure). Our results show that CO2 dynamics are strongly
influenced by changes in atmospheric pressure from semidiurnal, diurnal and synoptic to monthly
time‐scales for all soil depths. In contrast, only weak daily dependencies were found at the surface level
(0.15 m) regarding soil temperature and volumetric water content. Atmospheric pressure changes
substantially influence variations in the CO2 content (with daily fluctuations of up to 2000 ppm) denoting
transportation through soil layers. These results provide insights into the importance of subterranean
storage and non‐diffusive gas transport that could influence soil CO2 efflux rates, processes that are not
considered when applying the flux‐gradient approach and, which can be especially important in ecosystems
with high air permeability between the unsaturated porous media and the atmosphere.

Plain Language Summary Each type of ecosystem has a role in the balance of atmospheric
greenhouse gases, acting as either sink or source. Semi‐arid ecosystems occupy approximately 40% of the
terrestrial surface and dominate the trend and variability of the land CO2 sink. The roles played by such
ecosystems remain under‐investigated, and the resulting lack of knowledge undermines future predictions
of global environmental change. This study shows that underground CO2 dynamics in two semi‐arid
ecosystems are strongly influenced by changes in atmospheric pressure (with strong daily fluctuations),
while only weak dependencies were found regarding soil temperature and water content (factors that affect
biologic activity). The atmospheric pressure effect on the soil CO2 concentration was more evident when the
air permeability between atmosphere and soil surface was higher. Soil CO2 variations forced by changes
in atmospheric pressure occur consistently from semidiurnal to monthly time‐scales. These observations
will help to improve the current models that assume soil temperature and moisture to be the main drivers of
soil CO2 dynamics, but are mistakenly applied in semi‐arid ecosystems.

1. Introduction

Semi‐arid ecosystems occupy approximately ̴ 40% of the terrestrial surface and are home to more than 38% of
the total global population (Reynolds et al., 2007), but they are under‐represented in ecological research net-
works (Reichstein et al., 2013; Schimel, 2010; Villarreal et al., 2018). In these ecosystems, soils play a key role
in the uptake and emissions of the main greenhouse gases (Ahlström et al., 2015; Poulter et al., 2014).
Unfortunately, most studies have focused on shallow soil CO2 dynamics (<30 cm depth) neglecting what
occurs in deeper soil layers. The vadose zone may contain large amounts of CO2‐enriched air in pores,
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cracks and fissures with concentrations higher than 5% by volume in the first tens of meters (Benavente
et al., 2010; Denis et al., 2005). Soil CO2 content is characterized by a vertical profile of concentration increas-
ing with depth, that is affected by the transport of dissolved atmospheric and soil CO2 in waters and gravita-
tional percolation (Baldini et al., 2006; Sánchez Cañete, Ortiz, et al., 2013) where deeper soil layers can reach
c.a. 100 times more CO2 content than shallower layers (Buyanovsky &Wagner, 1983). This CO2‐enriched air
stored in the soil pores shows clear seasonal and daily patterns of variation driven by a set of biological, phy-
sical and chemical processes that are involved in CO2 production and transport that ultimately influence soil
CO2 efflux rates to the atmosphere.

The diffusion process, driven by a gradient of molar fraction, is considered the main mechanism of gas
exchange between the atmosphere and vadose zone (including shallow horizon and deep soil layers;
Rolston & Moldrup, 2012). Advective gas transport, driven by bulk flow acting on a concentration gradient,
can also strongly affect soil gas migration (Corey et al., 2010; Garcia‐Anton et al., 2014). Both transport pro-
cesses are highly interconnected. Diffusion is a slow transport process modeled by Fick's first law (only
dependent on soil CO₂ production and diffusivity; Maier & Schack‐Kirchner, 2014), while bulk flow is typi-
cally modeled using Darcy's law (Webb, 2006). Non‐diffusive transport processes are usually not considered
in the flux model calculations (Maier et al., 2010; Webb & Pruess, 2003). Although its effect is limited in time
(Maier et al., 2010), non‐diffusive transport can also participate, increasing the gas exchange rates, which
results in a more efficient transport mechanism compared to molecular diffusion alone (Bowling &
Massman, 2011; Maier et al., 2012; Roland et al., 2015; Takle et al., 2004).

Non‐diffusive and diffusive transport processes can be affected by several abiotic factors, such as volumetric
water content (Martinez & Nilson, 1999), soil temperature (Roland et al., 2015), gas content (Elberling et al.,
1998), soil texture (Kimball & Lemon, 1971), soil porosity (Nilson et al., 1991; Takle et al., 2004), wind
(Bowling & Massman, 2011; Kowalski et al., 2008; Sanchez‐Cañete et al., 2011), water table fluctuations
(Jiao & Li, 2004; Maier et al., 2010) or atmospheric pressure. The movement of CO2‐enriched air driven
by pressure changes is also known as pressure pumping. The potential relevance of non‐diffusive transport
caused by pressure pumping has been mostly addressed at short time‐scales (< 1 s; Kimball & Lemon, 1970;
Massman et al., 1997; Mohr et al., 2016; Takle et al., 2004), although it also has been studied at half‐hourly
and longer temporal scales (Bowling & Massman, 2011; Clements & Wilkening, 1974; Elberling et al., 1998;
Sánchez Cañete, Kowalski, et al., 2013). To a lesser extent, pressure oscillations produced at low frequency
scales have also been termed as atmospheric or pressure tides (Kuang et al., 2013; Le Blancq, 2011; Lindzen,
1979; Massmann & Farrier, 1992). Through this pressure fluctuation, the direction and magnitude of soil gas
efflux can be altered substantially (Bowling & Massman, 2011; Takle et al., 2004). This phenomenon can be
more relevant in carbonated ecosystems, where the presence of fissures and cavities increases the degree of
permeability between deeper layers and the soil surface (Cuezva et al., 2011; Serrano Ortiz et al., 2010),
increasing pressure pumping and pressure tides effects.

This study focuses on how CO2 dynamics in the vadose zone is affected by changes in environmental and
subterranean conditions by comparing two nearby semi‐arid grassland sites. For that, we used a 3‐year
(2014–2016) record of edaphic (soil profile at 0.15 m, 0.50 m and 1.50 m) and environmental variables. We
hypothesize that due to the scarce vegetation and impoverished soils (Lithic Leptosols with thin soil depth
and low content in soil organic carbon; IUSS Working Group WRB, 2015), and the dry conditions of the
layers (generally volumetric water content <10%), variations in the vadose zone CO2 molar fraction will
be dominated by abiotic factors. We expect that atmospheric pressure will be the main environmental vari-
able influencing CO2 dynamics at daily and weekly time‐scales because pressure differences in permeable
soils could enhance CO2 transport. A better understanding about the driving factors determining CO2

dynamics, as well as their temporality, is especially relevant to improve future models related with subterra-
nean CO2 storage and non‐diffusive gas transport in the vadose zone.

2. Material and Methods
2.1. Study Site

The study area is located in Cabo de Gata‐Níjar Natural Park, in the province of Almeria in the SE of Spain.
We selected two neighboring semi‐arid grassland sites similar in terms of climate, geology, topography and
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vegetation: (1) Balsa Blanca (N36o56’26.8” W2o01’58.8″; hereinafter BB), and (2) Amoladeras (N36o50’5”
W2o15’1″; hereinafter AM). However, the footprint of past degradation, likely due to grazing (Alados
et al., 2004), is more evident in AM (López‐Ballesteros et al., 2018; Rey et al., 2011). The area is classified
as a hot arid desert according to Köppen classification (BWh; Rubel & Kottek, 2010). The climate is charac-
terized by a mean annual precipitation of 220 mm and a mean annual temperature of 18 °C (Figure 1).
Climatic conditions are also characterized by a long dry season, which begins in June and ends abruptly
in September–October with rain pulse events (López Ballesteros et al., 2016). At our experimental sites, geo-
logical materials consist of a quaternary conglomerates and Neogene‐Quaternary sediments cemented by
lime (caliche). The limestone crust is located on a glacis. The glacis in AM has pinkish silts and quartz
boulders from the Upper Pleistocene; while in BB it is a calcareous crust “dalle” low detritic from the
Lower Pleistocene (MAGNA, 2010). Both sites are located geomorphogically on a flat alluvial fan of gentle
slopes (2–6%) with petrocalcic horizons (i.e., caliche). Petrocalcic horizons are characterized by bulk densi-
ties ranging between 1.6 and 2.3 g cm−3 and porosities ranging between 16 and 40% (Duniway et al., 2007;
Zamanian et al., 2016). The characteristics of these materials depend on origin, formation processes and
morphology of pedogenic carbonates (Zamanian et al., 2016) producing discontinuities through the vertical
layers that are unknown in our experimental sites. In the surface soil horizon, bulk density is lower (1.18–
1.22 g cm−3) and porosity is much higher (55.47–53.96%). The water table is at 50 m depth approximately
(Junta de Andalucía, C. d. M. A. y. O. d. T, 2013). The dominant soils are classified as Lithic Leptosols
(IUSS Working Group WRB, 2015); they are shallow (10–20 cm) and alkaline (pH 7.9–8.4), with sandy loam
texture class and carbonate saturated (Figure 1). Vegetation is dominated by Machrocloa tenacissima

Figure 1. Description of site and soils characteristics in Amoladeras and Balsa Blanca. The information is coupled with a schematic illustration of our experimental
design. Soil molar fraction sensors, soil thermistors and volumetric water content reflectometers are represented as geometric figures. Pedological characteristics
(pedogenic maximum depth and petrocalcic horizon) are represented with drawn lines. Morphological horizons are described according to (FAO, 2009). Water
table depth is determined from (Junta de Andalucía, C. d. M. A. y. O. d. T, 2013).
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(previously known as Stipa tenacissima) and other drought‐tolerant plant species. In the soil surface there
are patches of bare soil, sections with biological soil crusts, and exposed gravel and rock outcrops.
Absolute pressure in AM (65 m in altitude) is greater than in BB (208 m in altitude) by about 2 kPa
(Figure 2). The sites are 23 km apart, and AM is closer to the coast (Figure 1).

2.2. Experimental Design

Vertical profiles were installed in January 2010 in BB and in July 2013 in AM. Boreholes were done with an
excavator and the extracted material was used for refilling. The study period covered from January 2014 to
December 2016, rejecting a stabilization period of 6 months after the installation of the vertical profile in AM
(July 2013). The stabilization period was selected after comparing CO2 dynamics in both vertical profiles.
Vertical profiles measured soil CO2 molar fractions (χc; infra‐red sensor GMP‐343, Vaisala, Inc., Finland),
soil temperatures (Tsoil; 107 thermistors, Campbell Scientific, Logan, UT, USA) and volumetric soil water
content (VWC; TDR, CS616, Campbell Scientific, Logan, UT, USA). Sensors were installed horizontally in
undisturbed media at three different depths: 0.15 m soil horizons (belonging to edaphic media), and
0.50 m and 1.50 m layers (belonging to underlying media) below the surface. Soil adapters for horizontal
positioning made of a PTFE filter were installed with the soil CO2 sensor (215519, Vaisala, Inc., Finland)
for water protection. The CO2 sensors were configured to measure the CO2 molar fractions at a temperature
of 25 °C and 1013 hPa, but during the post‐processingmeasurements were corrected for soil temperature and
pressure at the time of measurements. Data were recorded every 30 s and stored as 30 min averages in a data-
logger (CR23X and CR1000, Campbell Scientific, Logan, UT, USA; respectively for AM and BB). Missing
data vary 3–6% over the entire period (2014–2016) except in AM for χc at 1.50 m (22%), and in BB for soil tem-
perature at 1.50 m (48%) and χc at 0.50 m (50%) due to instrument malfunction.

At both experimental sites, meteorological measurements of atmospheric pressure (p; open‐path infrared gas
analyzer Li‐Cor 7500, Lincoln, NE, USA), wind speed (CSAT‐3, Campbell Scientific, Logan, UT, USA), net
radiation (NR Lite, Kipp&Zonen, Delft, Netherlands), air temperature and air relative humidity (HMP35‐C,

Figure 2. Daily‐averaged values of atmospheric pressure, volumetric water content (VWC) at 0.50 m, soil temperature (Tsoil) at soil depths of 0.15 m (solid lines),
0.50 m (dotted lines) and 1.50 m (dashed lines); and daily precipitation during the study period (January 2014–December 2016). Shaded lines represent gaps in the
time series.
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Campbell Scientific, Logan, UT, USA) and rainfall (745M, Davis Instruments Corp., Hayward, CA, USA) were
acquired since 2009.Meteorological datawere recorded as 30min averages by a data logger (CR3000, Campbell
Scientific, Logan, UT, USA). Missing data for all meteorological variables in both sites corresponded to <10%
over the entire period. For more information about the site and meteorological equipment see
López‐Ballesteros et al. (2018).

2.3. Data Analysis

Outliers were detected with a 2.5‐hour sliding standard deviation window across neighboring values. Small
gaps (less than a week) were filled by estimating extrapolated values from forward and reverse auto‐
regressive fits of the remaining samples. Gaps of more than a week were filled with a simple regression fit
with the same soil depth profile from the other experimental site, (except for CO2 at 0.50 m in BB where
correlation was higher with CO2 at 1.50 m in AMO, R2 > 0.5). Atmospheric pressure gaps where filled using
a simple regression with measurements from the other experimental site (R2 > 0.96). In order to analyze the
relationship between differences at 30 min averages in Tsoil and subsoil χc variations, both simple regression
and Spearman partial correlation analyses were performed considering the effect of Tsoil or VWC. In order to
study the time series at the seasonal scale, we distinguish in the database between growing or wet
(March–April) and dry (July–August) season. The periods selected are periods in which “dry” and “wet” con-
ditions occurs in each year analyzed.

We used the continuous wavelet transform to describe the temporal variability, explore the spectral proper-
ties and investigate the temporal correlations (Cazelles et al., 2008; Govindan et al., 2005; Grinsted et al.,
2004; Torrence & Compo, 1998) between χc and p, Tsoil and VWC during three years. Wavelet coherence ana-
lysis (WCA) is useful to identify significant temporal correlations between two time series (Grinsted et al.,
2004). We calculated the WCA between χc and p and the soil variables (Tsoil and VWC) with statistical sig-
nificance (p < 0.05) using 1000 Monte Carlo simulations. As a mother function, we used the Morlet wavelet,
which is a widely used non‐orthogonal wavelet for time and scale resolution (Torrence & Compo, 1998). All
time series were analyzed using a 1‐hour time step.WCA ranges between 0 and 1, where 1 indicates the high-
est temporal correlation (and 0 for no correlation) between variables. Yellow areas with black contour lines
represent a high significant temporal correlation with 5% significance level. In addition, arrows show the
phase‐locked angle relationship between both time series (Govindan et al., 2005; Grinsted et al., 2004; Xu
et al., 2014). The WCA has been previously used for continuous measurements of soil carbon dynamics
(Vargas et al., 2012, 2018; Xu et al., 2014). All data analyses were performed using MATLAB R2017a
(MathWorks, Natick, Massachusetts, USA).

3. Results
3.1. Environmental Conditions

The annual mean air temperature during the study period was 18.5 ± 5.9 °C in AM and 17.7 ± 6.4 °C in BB.
The warmest summer and winter were in 2015 and 2016, respectively. Both ecosystems show the same
rainfall pattern although BB always had a slightly higher precipitation regime (15%). The driest year was
2014 with 134 mm in AM and 166 mm in BB, with lower precipitation than the typical precipitation regime
established in the area (220 mm). In contrast, 2015 and 2016 were rainy years with 201 mm and 264 mm
respectively in AM and 237 mm and 284 mm in BB.

Seasonal and annual patterns of atmospheric pressure (p), volumetric water content (VWC), soil tempera-
ture (Tsoil) and precipitation are shown for both experimental sites in Figure 2. Fluctuations in pwere similar
in BB and AM. There was a seasonal pattern in the range of variation, with winter months having the highest
maximum and minimum values. Regarding Tsoil, both ecosystems showed similar values. Maxima and
minima were reached in the shallower layer (0.15 m) with values ranging between 9 °C and 34 °C in AM,
versus 5 °C and 35 °C in BB. With a slight decrease in the amplitude of daily fluctuations in comparison with
the shallower layer, Tsoil was very similar at 0.50 m in both ecosystems. At 1.50 m the lowest range of varia-
tion was observed and the maximum and minimum values were reached with a ~20 days delay in relation
with the shallowest layer. At this depth maximum Tsoil was reached in August (~27 °C) while minimum
was reached in February (~18 °C). Finally, the annual mean VWC was 7.5 ± 2.6% in AM and 8.7 ± 2.9%
in BB with minima around 5–6% in AM and 3–4% in BB and maxima of 42% in AM and 50% in BB
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coinciding with local storms. After these storms, the VWC in AM returned rapidly to its base level in
comparison with a longer recovery in VWC for BB.

3.2. Dynamics of Soil CO2 Molar Fractions at Different Temporal Scales

Soil CO2 showed a clear vertical profile with higher concentration at depth, and similar means over the three
years (Figure 3). The year with the highest χc was 2015 (with an annual average across the multiple soil
depths of 1558 ± 429 ppm in AM and 1161 ± 329 ppm in BB). The χc showed clear annual patterns with
maxima in summer and minima in winter. Generally, AM had higher CO2 concentrations across the
multiple soil depths. For example, χc at 1.50 m had an annual average of 2029 ± 113 ppm in AM and
1268 ± 154 ppm in BB. AM also showed higher variability, particularly at 0.15 m (Figure 3).

During the whole study period, we detected sub‐daily and synoptic patterns in p and χc, even during the first
precipitation events at the end of the dry season, with inverse correlation between both variables (Table 1;
Figure 4). At the synoptic scale (oscillation in p induced by the passage of high and low pressure systems
and fronts), p changes lasted from 3 to 8 days approximately. However, at daily scale there were two cycles
per day, and the first generally had a lower amplitude than the second. Regarding χc, daily fluctuations up to
2000 ppm CO2 occurred during periods of less than 6 hours (c.f. 19 September 2014; Figure 4). At all depths,
χc was generally higher in AM (Figures 3 and 4). On the other hand, χc showed similar values at 0.50 m and
1.50 m in BB (Figure 4), while in AM an increment in χc with depth was more evident.

3.3. The Effect of Atmospheric Pressure on CO2 Molar Fraction Fluctuations

We found strong significant partial correlations between variations in atmospheric p and variations in χc
(p< 0.01; Table 1). This correlation was not influenced by the indirect effect of Tsoil or VWC, and was always
higher at AM. In general, the degree of correlation increased with depth reaching correlation coefficients of
−0.79 in AM for wet season and − 0.70 in BB at 1.50 m for dry season. We also found seasonal differences,

Figure 3. Daily‐averaged (solid lines) and 10‐day mean (dotted lines) values of soil CO2 molar fraction (χc) at 0.15 m, 0.50 m and 1.50 m depth during the study
period (January 2014–December 2016). Shaded lines represent gaps in the time series.
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with more correlation in the shallower layer (0.15 m) during the dry season in both sites, whereas the
growing season presented the highest partial correlation at 1.50 m and 0.50 m in AM. The weakest
correlation was found at 0.50 m in BB (−0.28 during the wet season; p < 0.01; Table 1).

Table 1
Correlation Coefficients (r) of Spearman Partial Correlation Between Variations in Atmospheric Pressure (Δp) and
Variations in Soil CO2 Molar Fraction (Δχc) at Three Depths (0.15 m, 0.50 m and 1.50 m) in Half‐hour Values During
the Study Period (Year; January 2014–December 2016), Considering Growing Wet (Wet; March–April) and Dry Season
(Dry; July–August)

Amoladeras Δp Δp(ΔTsoil) Δp(ΔVWC) Δp(ΔTsoil,ΔVWC)

Δχc 0.15m year ‐0.59 ‐0.55 ‐0.54 ‐0.54

dry ‐0.67 ‐0.62 ‐0.66 ‐0.62

wet ‐0.58 ‐0.54 ‐0.58 ‐0.53

Δχc 0.50m year ‐0.75 ‐0.75 ‐0.75 ‐0.75

dry ‐0.76 ‐0.76 ‐0.76 ‐0.76

wet ‐0.78 ‐0.78 ‐0.78 ‐0.78

Δχc 1.50m year ‐0.75 ‐0.75 ‐0.74 ‐0.74

dry ‐0.71 ‐0.71 ‐0.70 ‐0.70

wet ‐0.79 ‐0.79 ‐0.79 ‐0.79

Balsa Blanca Δp Δp(ΔTsoil) Δp(ΔVWC) Δp(ΔTsoil,ΔVWC)

Δχc 0.15m year ‐0.41 ‐0.31 ‐0.40 ‐0.31

dry ‐0.45 ‐0.35 ‐0.40 ‐0.34

wet ‐0.40 ‐0.29 ‐0.39 ‐0.29

Δχc 0.50m year ‐0.43 ‐0.43 ‐0.43 ‐0.43

dry ‐0.66 ‐0.63 ‐0.63 ‐0.63

wet ‐0.28 ‐0.28 ‐0.28 ‐0.28

Δχc 1.50m year ‐0.62 ‐0.64 ‐0.61 ‐0.62

dry ‐0.70 ‐0.72 ‐0.70 ‐0.69

wet ‐0.62 ‐0.65 ‐0.62 ‐0.63

Note. Indirect effect of variations in soil temperature (ΔTsoil) at three depths (0.15 m, 0.50 m and 1.50 m), variations in
volumetric water content (ΔVWC) at 0.50 m, and the combined effect of soil temperature and volumetric water content
(ΔTsoil,ΔVWC) are controlled in their respective columns. Filled data are not considered for this analysis (sample size,
n ≥ 8784; all the coefficients had p‐value<0.01).

Figure 4. Average half‐hour values of atmospheric pressure and soil CO2molar fraction (χc) at 0.15m, 0.50m and 1.50m depths during the period 05–25 September
of 2014.
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3.4. Wavelet Coherence Analysis

We used wavelet coherence analysis (WCA) to test the temporal correlation between χc and ancillary
variables. The yellow areas inside the contour lines represent high local temporal correlation between both
series (Figures 5, 6 and 7). This analysis showed that p had a strong temporal correlation with χc in the deep
soil (Figure 5), much higher than Tsoil (Figure 6) or VWC (Figure 7). The WCA also indicated the main
periodic components in the frequency domain between time series, showing a strong spectral coherence
between variations of p and changes in χc (Figure 5), at periodicities ranging from 0.5 day to ~30 days (shown
as yellow areas with black contour lines during this period) throughout the study period. Finally, the almost
horizontal arrows pointing left indicated that oscillations were out of phase (Figure 5). This means that
increments in χc corresponded to decreases in p and viceversa, at these temporal scales. This interpretation
was consistent with the temporal pattern visible in Figure 4 and Table 1, which showed semidaily, daily
and a synoptic patterns of variation, while the quasi‐monthly pressure‐CO2 fluctuation was not evident from
the WCA.

TheWCA showed strong spectral coherence between variations of Tsoil or VWC and changes in χc (Figures 6
and 7) at daily and annual scale (shown as yellow areas with black contour lines at 1 day and 256 days) at
0.15 m. Contrary to the p‐χc relationship, there was a high seasonality in this correlation in the case of
Tsoil in BB and in both ecosystems with VWC, with both variables particularly correlated during dry season.
The causality relation – with Tsoil or VWC forcing variations in χc – diminished with depth.

4. Discussion

Changes in atmospheric pressure (p) conditions induce the expansion or contraction of the air stored in soil
pores within the vadose zone, which plays a dominant role in regulating CO2 storage and vertical transport.
Simple regressions, Spearman partial correlations and spectral analysis consistently showed that CO2

dynamics strongly depend on changes in atmospheric pressure (Figures 4, 5 and Table 1). We propose that
the underlying physical mechanism is related to pressure tides (Kuang et al., 2013; Le Blancq, 2011; Lindzen,
1979; Massmann & Farrier, 1992). Pressure fluctuations penetrate deep into the soil vertical profile with very
little attenuation (Maier et al., 2010; Massmann & Farrier, 1992; Takle et al., 2004), and the soil air expands
upward in conditions of falling p or is compressed downward under rising p (Redeker et al., 2015; Sánchez
Cañete, Kowalski, et al., 2013), which may induce a natural “soil breathing phenomenon”. The p influence
was stronger in the deepest layer (Table 1 and Figure 5), where χc was higher and there was a lower influence
of soil temperature (Tsoil) and volumetric water content (VWC). Petrophysical properties of soil medium,
such as permeability and connectivity, are pivotal factors in the p influence. These factors differs between
layers producing discontinuities (Zamanian et al., 2016) that can slow down or facilitate the circulation of
soil gases.

According to wavelet coherence analysis (WCA), the temporal correlation between p and χc (Figure 5)
presented strong variations at different time scales. The dominant periods range from 0.5 day to ~30 days,
implicating clear semidiurnal, diurnal, synoptic (Figure 4) and monthly temporal coherence (Figure 5). At
semi‐daily and daily scale in our experimental sites, the pressure tides showed two peaks per day, and gen-
erally, the first peak was smaller than the second (Figure 4). This bimodal pattern was produced in the oppo-
site way in the χc, with daily fluctuations up to 2000 ppm during intervals of less than 6 hours (Figure 4).
Semi‐daily and daily fluctuations in CO2 dynamics have been related with gravitational forcing produced
by sun and the moon (Lindzen, 1979; Sánchez Cañete, Kowalski, et al., 2013), and are mainly forced by daily
variations in insolation due to diurnal heating of Earth's surface (Kimball & Lemon, 1970; Le Blancq, 2011).
At the synoptic scale, the pressure tide effect was also detected. This pattern of variation ranged between 3
and 8 days (Figure 4) induced by synoptic weather changes (the passage of high and low pressure systems
and fronts; Clements & Wilkening, 1974; Elberling et al., 1998; Sánchez Cañete, Kowalski, et al., 2013).
With respect to the monthly scale, we are not aware of any other studies relating CO2 dynamics to pressure
tides. However, theWCA showed a clear quasi‐monthly pressure‐CO2 fluctuation that was visible during the
three years of the experiment at both experimental sites (Figure 5). At this temporal scale, lunar forcing is the
predominant factor affecting atmospheric tides with a 27.3‐day and 13.6‐day atmospheric oscillation affected
by the lunar declination and the lunar revolution around the Earth (Guoqing, 2005).
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Figure 5. Average 1‐hour wavelet coherence analysis (WCA) to test the influence of atmospheric pressure on soil CO2molar fraction at three depths (0.15m, 0.50m
and 1.50 m) in Amoladeras and Balsa Blanca experimental sites. Yellow areas with black contour lines represent a high significant temporal correlation with 5%
significance level. Shaded area represents the cone of influence, where correlation is not influenced by edge effects. Arrows show the phase‐locked angle
relationship between the two time series. Horizontal arrows pointing right (phase angle of 0°) indicate that the two time series are in phase, and horizontal arrows
pointing left (phase angle of 180°) represent when the two time series are out of phase.
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Figure 6. Average 1‐hour wavelet coherence analysis (WCA) to test the influence of soil temperature on soil CO2 molar fraction at three depths (0.15 m, 0.50 m and
1.50 m) in Amoladeras and Balsa Blanca experimental sites. Information about the interpretation of this figure can be found in the caption for Figure 5.
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Figure 7. Average 1‐hour wavelet coherence analysis (WCA) to test the influence of volumetric water content at 0.50 m on soil CO2 molar fraction at three depths
(0.15 m, 0.50 m and 1.50 m) in Amoladeras and Balsa Blanca experimental sites. Information about the interpretation of this figure can be found in the caption of
Figure 5.
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At high‐frequencies (< 1Hz;Massman et al., 1997; Mohr et al., 2016; Roland et al., 2015), the friction velocity
(indicator of turbulence) drives p fluctuations (Maier et al., 2010; Redeker et al., 2015). There is no clear dis-
tinction between pressure pumping and ventilation, a physical phenomena produced by turbulence that is
associated with abrupt emissions of CO₂ to the atmosphere via non diffusive transport presented in well‐
aerated soils (Kowalski et al., 2008; Sanchez‐Cañete et al., 2011). Some authors have stated a positive rela-
tionship between both processes (Mohr et al., 2016; Nachshon et al., 2012; Redeker et al., 2015), considering
a correlation between p changes and wind perturbations. A low correlation between pressure tides and wind
velocity was detected in BB only at 0.15 m (similar to results obtained by Sánchez Cañete, Kowalski, et al.,
2013) and no correlation was detected in the deep profile in AM (data not shown). Although the high‐
frequency pressure oscillation and wind turbulence are not measured in this study, ventilation events had
been detected in the past in the experimental sites of Balsa Blanca (BB; Rey et al., 2012) and Amoladeras
(AM; López Ballesteros et al., 2017), with AM having the higher ventilation potential (López‐Ballesteros
et al., 2018). Unlike pressure tides, high‐frequency pressure fluctuations caused by winds are known to
undergo strong attenuation with soil depth (Redeker et al., 2015; Takle et al., 2004). This different capacity
of permeability could create a possible decoupling between the shallower horizons, affected by ventilation,
pressure pumping and pressure tides; and deeper layers, that would be affected only by pressure tides. This
assumption could explain the lack of relationship found between wind turbulence and p changes in BB and
AM in the vertical profile, even though ventilation events have been detected at the ecosystem scale (López
Ballesteros et al., 2017; Rey et al., 2012).

Proximity to the coast (3.6 Km in AM and 6.3 Km in BB) could influence the atmospheric pressure tide effect
on soil χc and explain the higher range of variation in the χc in AM, as well as the higher pressure tidal effect
in comparison with BB (Figures 3 and 4). The water table provides a low‐permeable boundary between the
vadose zone and the soil surface that in coastal areas fluctuates frequently in response to sea tidal variations
(Jiao & Tang, 1999; Li & Barry, 2000). At our experimental sites the water table is at 50 m depth approxi-
mately (Junta de Andalucía, C. d. M. A. y. O. d. T, 2013). Fluctuations in the water table changes the volume
of the vadose zone; changing the depth of air penetration (Jiao & Li, 2004; Maier et al., 2010). When the
water table rises, air is forced to be compressed in the vadose zone generating positive pressures and there-
fore, the air stored in the pores and fissures could be pushed up to shallower layers. On the contrary, when
the water table falls, extra pore space and negative pressures are generated (Jiao & Li, 2004). Dong et al.
(2014) studied a coastal aquifer near the Ariake Sea, where the groundwater level of the coastal aquifer fluc-
tuated with tidal and barometric variations. Here, spectral analyses also revealed that the sea‐tidal effects
could influence the semi‐monthly, diurnal, and semidiurnal periodicities, associated with the astronomical
tidal variations.

Other differences between study sites may be relevant. Firstly, due to its geographical position in the subter-
ranean aquifer system (Junta de Andalucía, C. d. M. A. y. O. d. T, 2013), AM would have a higher allochtho-
nous CO2 recharge than BB explaining its higher χc concentration (Figures 3 and 4; López Ballesteros et al.,
2017). Secondly, the higher fraction of bare soil and rocks, the differing content in SOC, lower microbial
activity or thinner soil depth are “degradation indicators” exhibited by AM (López‐Ballesteros et al., 2018;
Rey et al., 2011). These indicators suggest an increase in the interconnectivity between the soil medium
and the atmosphere, and could enhance the gas transport and storage capacity of the medium, producing
changes at the surface (López‐Ballesteros et al., 2018). This would explain why in AM χc is more influenced
by p changes (driver of physical transport processes in the χc dynamics) than in BB (Figure 5), while the
influence of VWC and Tsoil (drivers of biological processes in the χc dynamics) is higher in BB and only rele-
vant at 0.15 m depth (Figures 6, 7). Thirdly, in AM the VWC at 0.50 m returns to its base level rapidly after a
local storm, while in BB it takes longer for VWC to return to pre‐storm levels (Figure 2). This suggests that
the soil in AM favors drainage and is more porous than in BB, enhancing CO2 storage and vertical transport.

Seasonal differences were also found in both ecosystems. During the dry season, coinciding with the maxi-
mum water‐free pore space, when the aeration between soil and atmosphere is higher (Cuezva et al., 2011;
Loisy et al., 2013), a higher correlation between χc and p was found in the shallower layer (Table 1). Spectral
analysis also showed a marked seasonal pattern in the temporal correlations between variations of χc and
changes in VWC (in BB and AM; Figure 7) and Tsoil (in BB; Figure 6) in the shallowest layer (0.15 m), which
are higher during dry season.
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Most studies interpret the soil CO2 efflux as instantaneous soil respiration and the more basic models are
built by using soil temperature and soil water content relationships (Almagro et al., 2009; Davidson et al.,
1998). However, at our experimental sites, Tsoil and VWC are only relevant at 0.15 m for soil χc dynamics.
Instead, changes in atmospheric pressure is the main driver in the deep soil profile (Figures 5, 6 and 7).
Similar effects were detected in different ecosystems by some studies that estimated a temporary transport
enhancement by pressure pumping (Bowling & Massman, 2011; Maier et al., 2012; Takle et al., 2004).
However, there are no similar studies analyzing pressure tides and their relation with CO2 fluxes at low fre-
quencies (> 1 Hz). Although the air flux induced by pressure fluctuation is only effective for a limited period
(Maier et al., 2010), the omission of non‐diffusive processes in the flux‐gradient approach (Fick's law), gen-
erates an underestimation of the real CO2 efflux rates and its transport in soil that casts doubt on its assump-
tions. Therefore, we propose that it is important to consider this effect when the soil gas flux is determined
using the gradient method, at least, in ecosystems with high interconnectivity between the unsaturated
porous media and the atmosphere (Fang & Moncrieff, 1999; Redeker et al., 2015; Vargas et al., 2010).
There have been several attempts to incorporate this physical phenomenon. Based on empirical modeling,
Mohr et al. (2016) defined a pressure pumping coefficient that would be able to describe the strength of
the pressure‐pumping effect on injected helium. Goffin et al. (2015) created an alternative model considering
air pressure fluctuations at the soil surface with the air permeability to calculate the soil CO2 efflux. They
concluded that the influence of pressure fluctuations creates a higher instantaneous flux compared to the
diffusive flux only observable on very short timescales. Finally, Xu et al. (2014) created a model where the
volume of CH4 transported though porous media was correlated with a pressure change rate. These
approaches could serve as bases to improve the gradient method in ecosystems affected by non‐diffusive
gas transport processes (Maier et al., 2012; Webb & Pruess, 2003).

5. Conclusions

This study assessed themain factors controlling soil CO2 dynamics in the vadose zone of two semi‐arid grass-
lands at different soil depths and time‐scales. Our results showed that CO2 dynamics at two semi‐arid grass-
lands strongly depend on changes in atmospheric pressure. This dependency was consistent across soil
depths, time‐scales and study periods. We found strong evidence of non‐diffusive CO2 transport at our sites,
with fluctuations of up to 2000 ppm CO2 in less than 6 hours driven by pressure tides at scales ranging from
0.5 to ~30 days, showing semidiurnal, diurnal, synoptic and monthly patterns of oscillation. The atmo-
spheric pressure effect on the soil CO2 concentration was more evident in deeper layers, during the dry sea-
son and in the more degraded ecosystem. Pressure fluctuations penetrated deep into the soil vertical profile
with very little attenuation, suggesting a bulk transport mechanism of trace gases throughout the porous
medium that is much more effective than diffusion. This approach showed the importance of subterranean
storage and non‐diffusive gas transport and suggested the need to consider non‐diffusive gas transport pro-
cesses in models. The improvement of the gradient method (beyond Fick's law) will be essential for reliable
estimations of the soil CO2 efflux in ecosystems affected by non‐diffusive gas transport processes.
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