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ABSTRACT 
 

 

Understanding the factors that influence patterns of terrestrial CO2 

fluxes across the globe is essential to know and predict the changes in the 

relation between climate change and land ecosystems. Semi‐arid 

ecosystems occupy approximately 45% of the terrestrial surface and 

constitute the largest biome on the planet, but they are under‐represented 

in ecological research networks. This is relevant because, due to the reduced 

biological activity of drylands ecosystems, their carbon dynamics include 

characteristics that make them unique. Here, the ecosystem carbon balance 

is strongly associated with variations of abiotic factors.  

Pressure pumping, pressure tides and subterranean ventilation are 

non-diffusive transport processes affected by wind or changes in 

atmospheric pressure at different temporal scales. These processes can 

result in more efficient transport compared to molecular diffusion alone and 

can dominate the ecosystem flux during the dry season. They are especially 

relevant in well-aerated soils (with a high quantity of pores and fissures) 

with a CO2 rich vadose zone (between the water table and the soil surface) 

and when the soil pores have low water content to allow gas flow. Hence, 

the vadose zone becomes a key element to be studied. Unluckily most 

studies in soils, which are key components in the carbon balance in semi-

arid ecosystems, 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 by 

these processes.  

In Chapter I, this thesis tried examines the relationship among 

variations in subterranean CO2 molar fraction, volumetric water content, 

soil temperature and atmospheric pressure during three years (2014-2016) 
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within soil profiles (0.15, 0.50, and 1.50 m depths) in two semi-arid 

grasslands located in southeastern Spain. Results using statistical and 

wavelet analysis shown that CO2 dynamics were strongly influenced by 

changes in atmospheric pressure (pressure tides) from semidiurnal, diurnal 

and synoptic to monthly time scales for all soil depths. In contrast, 

regarding soil temperature and volumetric water content, only weak daily 

dependencies were found at the sub-surface level (0.15 m). These results 

provided clear insights that were visible during the three years of the 

experiment, into the importance of subterranean storage and non-diffusive 

gas transport in soils and gave the first insights into the relation between 

lunar forcing and subterranean CO2 fluctuation. This chapter resulted in a 

publication in a Q1 journal. 

In Chapter II, this thesis tried to move forward in this direction, 

including the surface soil horizon (0.05 m) and the study of a new variable, 

the friction velocity, in the analysis, in order to differentiate the CO2 

dynamic between the surface and deep soil, and the possible presence of 

pressure pumping and ventilation in subterranean CO2 dynamics. Through 

the analysis of the CO2 molar fraction and main soil and environmental 

variables related with biotic (soil temperature and soil water content) and 

abiotic (atmospheric pressure and friction velocity) factors continuously 

measure during three years, a clear functional decoupling was found 

between layers. Wavelet analysis revealed that the CO2 concentration at 

0.05 m depth was controlled by soil moisture, soil temperature, pressure 

pumping and ventilation, with rain-pulse events being the most important 

factor controlling the carbon dynamics. The concentrations in the deeper 

soil, on the other hand, were influenced mainly by pressure tides. The 

subsurface layer acted as an interphase layer and was affected by soil 

temperature, soil water content, pressure tides, pressure pumping and 

ventilation. The physical decoupling found between pressure tides, pressure 
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pumping and ventilation suggests that pressure tides are not directly 

responsible for CO2 emissions, and their role in ecosystem carbon dynamics 

– related to underground, vertical CO2 transport – merely facilitates CO2 

emission by pressure pumping and ventilation. A manuscript related with 

this chapter is being prepared for its publication. 

Considering that subterranean ventilation would be the most 

important factor determining the variability in the annual ecosystem 

carbon balance in our ecosystems under study, the presence of subterranean 

ventilation at the global scale was studied for first time in chapter III. For 

this purpose, an algorithm was designed, based on previous scientific 

evidence, to systematically detect ventilation events in the 145 non-forested 

open ecosystems selected for this study. The analyzed database was selected 

from FLUXNET2015, AmeriFlux, OzFlux and AsiaFlux networks. 

Despite some limitations, it was confirmed that subterranean ventilation 

CO2 emissions occur globally. Of the sites analyzed, 34% reported the 

occurrence of ventilation events. This vented CO2 was found mainly in arid 

ecosystems (84%) and sites with hot and dry periods. A manuscript related 

with this chapter had been submitted for publication. 

Unfortunately, the lack of a standardized global database with 

information on CO2 dynamics below the soil surface made it impossible to 

analyze the presence of pressure tides at global scale. 

Rates of biological activity per unit of drylands are low compared 

with many terrestrial ecosystems but the large surface area of drylands 

gives their carbon dynamics a relevant global significance. In particular, 

variability in the global CO2 sinks is dominated by that semi-arid 

ecosystems, which are the ecosystems most vulnerable to climate change 

and can be switched to a CO2 source in response to global warming or 

changes in precipitation. Under this premise, subterranean ventilation 

could be the most important factor determining the variability in the annual 
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ecosystem carbon balance in many ecosystems around the world. 

Understanding the occurrence of processes, feedbacks and driving factors 

that modulate the carbon source capacity of natural ecosystems due to 

ventilation events is needed to advance towards more robust model 

projections for future climate as well as more adequate design of mitigation 

policies. Additionally, the improvement of the gradient method, considering 

the role of abiotic factors in deep soil CO2 dynamics, will be essential to 

produce reliable estimations of soil CO2 efflux in ecosystems affected by 

non-diffusive gas transport processes.
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RESUMEN 
 

Comprender los factores que influyen en la dinámica de CO2 de los 

ecosistemas terrestres a lo largo del mundo es esencial para conocer y 

predecir los cambios que se pueden producir en la relación entre estos y el 

cambio climático. Los ecosistemas semiáridos ocupan aproximadamente el 

45% de la superficie terrestre y constituyen el mayor bioma del planeta. Sin 

embargo, son ecosistemas poco estudiados en las redes internacionales de 

investigación ecológica. Este hecho es relevante, ya que debido a la baja 

producción biológica, la dinámica del carbono de los ecosistemas semiáridos 

tiene características que los hacen únicos. En ellos, la dinámica del carbono 

está fuertemente asociada con las variaciones en los factores abióticos.  

Las mareas de presión, el bombeo por presión y la ventilación 

subterránea son procesos de transporte no difusivos afectados por el viento 

o cambios en la presión atmosférica a diferentes escalas temporales. Estos 

procesos resultan en una forma de transporte mucho más eficiente que la 

difusión molecular y pueden llegar a dominar el flujo a escala de ecosistema 

durante la estación seca. Estos procesos son especialmente relevantes en 

aquellos suelos bien aireados (con un gran número de poros y fisuras) con 

una zona vadosa (entre la superficie y el nivel freático) rica en CO2 y cuando 

los poros del suelo tengan poco contenido en agua que permita el flujo de 

aire. Así pues, la zona vadosa, se vuelve un elemento fundamental a ser 

estudiado. Lamentablemente, la mayoría de estudios en suelos, que son 

componentes claves en el balance del carbono de los ecosistemas semiáridos, 

se centran en el perfil más superficial del suelo (unos 30 cm), negando los 

procesos en profundidad, donde gran parte del aire enriquecido en CO2 

puede ser almacenado y transportado por estos procesos. 

En el capítulo I, esta tesis intenta investigar la relación existente 

entre las variaciones de la fracción molar de CO2, el contenido del agua en 
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el suelo, la temperatura del suelo y la presión ambiental a lo largo de tres 

años (2014-2016) en varios perfiles del suelo (0.15, 0.50 y 1.50 m) en dos 

pastizales semiáridos localizados en el sureste de España. Los resultados, 

aplicando el análisis de wavelets, mostraron que la dinámica del CO2 del 

suelo estaba fuertemente influenciada por los cambios en la presión 

atmosférica (mareas de presión) a escala semidiurna, diurna, sinóptica y 

mensual, para todas las profundidades. Por el contrario, la temperatura y 

contenido de agua del suelo mostraron débiles dependencias sólo a escala 

diaria a los 0.15 m de profundidad. Estos resultados mostraron este patrón 

de forma clara durante los tres años de experimento, demostrando la 

importancia del almacenamiento subterráneo y el transporte no difusivo del 

suelo. Este trabajo también aportó las primeras evidencias de la relación 

existente entre la influencia de la luna y las variaciones de CO2 subterráneo. 

El capítulo resultó en una publicación en una revista de alto impacto (Q1). 

En el capítulo II, esta tesis intenta avanzar un paso más en esta 

dirección incluyendo el horizonte superficial del suelo (a 0.05 m) y el estudio 

de una nueva variable, la velocidad de fricción, para poder estudiar las 

diferencias en la dinámica del CO2 entre el suelo superficial y el suelo 

profundo, así como la posible presencia del bombeo por presión y la 

ventilación subterránea en estas dinámicas. A través del análisis de la 

fracción molar del CO2 y las principales variables ambientales y del suelo 

relacionadas con factores bióticos (temperatura y contenido en agua del 

suelo) y abióticos (presión ambiental y velocidad de fricción) medidos de 

forma continua durante tres años, se encontró un evidente desacoplamiento 

entre las capas del suelo. El análisis de wavelets reveló que la concentración 

de CO2 a 0.05 m estaba controlada por la humedad del suelo, la temperatura 

del suelo, el bombeo por presión y la ventilación subterránea, siendo los 

eventos de pulsos de lluvia los principales condicionantes de cambio. La 

concentración en el perfil profundo, por otro lado, estaba principalmente 
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condicionada por las mareas de presión. La capa sub-superficial en este caso 

actuó como una interfase y estuvo afectada por la humedad del suelo, la 

temperatura del suelo, las mareas de presión, el bombeo por presión y la 

ventilación subterránea. El desacoplamiento físico existente entre capas con 

respecto a la presencia de mareas de presión, ventilación o bombeo por 

presión, sugieren que las mareas de presión podrían no estar relacionadas 

con las emisiones de CO2 y que su papel en la dinámica del ecosistema podría 

ser la de facilitar el transporte del CO2 a la superficie del suelo para ser 

ventilado por bombeo de presión o ventilación. Un artículo relacionado con 

este capítulo está siendo preparado para su publicación. 

Considerando que la ventilación subterránea podría ser el factor más 

importante que determina la variabilidad en el balance anual de carbono de 

nuestros ecosistemas estudiados, la presencia de ventilación se estudió a 

escala global por primera vez en el capítulo III. Con este propósito se diseñó 

un algoritmo, basado en la evidencia científica conocida hasta ahora, capaz 

de detectar la presencia de eventos de ventilación en los 145 ecosistemas 

abiertos (zonas no forestales) seleccionados para este estudio. Las bases de 

datos analizadas son pertenecientes a las redes FLUXNET2015, Ameriflux, 

OzFlux y AsiaFlux. A pesar de algunas limitaciones encontradas en las 

bases de datos, se confirmó la presencia de los eventos de ventilación a 

escala global. El 34% de los sitios analizados reportaron la ocurrencia de 

este fenómeno. La ocurrencia de ventilación fue principalmente encontrada 

en ecosistemas áridos (84%) y lugares con períodos cálidos y secos. Un 

artículo relacionado con este capítulo ha sido enviado para su publicación a 

una revista de alto impacto. 

Lamentablemente, no existe una base de datos estandarizada a nivel 

global con información de la dinámica del CO2 en el suelo que permita el 

análisis de las mareas de presión a escala global. 
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Las tasas de actividad biológica por unidad de área son bajas en los 

ecosistemas áridos y semiáridos en comparación con otros ecosistemas 

terrestres, pero su gran superficie, da a este tipo de ecosistemas una gran 

relevancia a nivel global. En concreto, la variabilidad global de los 

ecosistemas a ser sumideros de CO2 está dominada por los ecosistemas 

áridos y semiáridos, que son a la vez los ecosistemas más vulnerables al 

cambio climático y pueden revertir a ser emisores de este gas de efecto 

invernadero como consecuencia del calentamiento global y los cambios en 

la precipitación. Bajo esta premisa, la ventilación subterránea puede ser el 

factor más importante a la hora de determinar la variabilidad en el balance 

anual del ecosistema en muchos ecosistemas a lo largo del planeta. 

Comprender la ocurrencia, relevancia y retroalimentaciones de estos 

procesos que pueden modular la capacidad de un ecosistema de ser fuente o 

sumidero de carbono debido a procesos de ventilación es necesario para 

obtener modelos de predicción de cambio climático más robustos y un mejor 

diseño de políticas de prevención. Por otro lado, la mejora del método de 

gradiente, considerando los factores abióticos en la dinámica del suelo 

profundo, será esencial para tener estimaciones fiables de flujos de emisión 

de CO2 del suelo en los ecosistemas afectados por los procesos de transporte 

no difusivos. 
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INTRODUCTION 
 

1.1 THE ROLE OF TERRESTRIAL ECOSYSTEMS IN 
THE EARTH SYSTEM. THE EFFECT OF GLOBAL 
WARMING 
 

Terrestrial ecosystems play a key role in the climate system. Due to 

their large carbon pools and carbon exchange fluxes with the atmosphere, 

they interact in complex ways with multiple biophysical and 

biogeochemical feedbacks across different spatial and temporal scales (Ciais 

et al., 2013; Le Quere et al., 2015). Globally, terrestrial ecosystems act as 

a large CO2 sink (Canadell & Schulze, 2014; Zhu et al., 2016) that has 

slowed the rise in global land-surface air temperature by 0.09 ± 0.02 °C 

since 1982 (Zeng et al., 2017).  

Earth's climate has changed throughout history. However, the 

current global warming is of particular relevance because most of it is the 

result of human activity especially since the mid-20th century (Hegerl et al., 

2018; Santer et al., 1996).  The mean earth temperature for the period 2006–

2015 was 1.53 °C higher than for the period 1850–1900. At this rate of 

change, terrestrial ecosystems and land processes are exposed to 

disturbances beyond the range of current natural variability as a result of 

global warming, with far reaching impacts on ecosystems (IPCC, 2019). In 

this context, there have been many modelling studies that reported impacts 

of global warming on ecosystems (e.g. Pielke et al., 2011). 

The global warming affects terrestrial ecosystems from different 

ways. E.g. it is expected to result in desertification, increasing heat waves, 

wildfires and droughts (Fasullo et al., 2018). Increases in extreme events 

produced by global warming are generating changes in the structure, 

composition, and function of ecosystems globally (Holmgren & Hirota, 
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2013; Seddon et al., 2016; Seidl et al., 2017; Settele et al., 2014). If the 

ecosystems are going to maintain their carbon sink role or switch to a CO2 

source in response to warming or changes in precipitation (Davies-Barnard 

et al., 2015; Gonzalez et al., 2010; Wärlind et al., 2014) is one of the largest 

uncertainties in carbon cycle and climate modelling (Bloom et al., 2016; 

Ciais et al., 2013; Friend et al., 2014; Le Quere et al., 2018).  

In general, the effect of global warming in ecosystems, depends on 

the degree of exposure and the intrinsic sensitivity (the degree to which a 

system changes after a disturbance) and resilience (the ability of an 

ecosystem to return to its original state after a disturbance) of each biome 

(Pimm, 1984). At global scale, the arid and semi-arid ecosystems are 

considered the most vulnerable biomes to the effects produced by global 

warming (Fu & Feng, 2014; Li et al., 2018; Sherwood & Fu, 2014). 

 

1.2 THE IMPORTANCE OF ARID LANDS 
 

The geographic classification of drylands is often based on the aridity 

index (AI), the ratio of average annual precipitation amount (P) to potential 

evapotranspiration amount (PET). The United Nations Convention to 

Combat Desertification (UNCCD 1994) defined drylands as the arid, semi-

arid, and dry sub-humid areas resulting from many factors, including 

climatic variations and human activities. The UNCCD definition excluded 

the hyper-arid areas, considered in the United Nations Environment 

Programme (UNEP 1992) definition.  
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Figure 1. World dryland distribution according to the UNCCD classification. 

Source: (UNEP-WCMC; Sorensen, 2007). 

 

Anothers relevant concepts are aridity and drought. Aridity is a long-

term climatic feature characterized by low average precipitation or available 

water (Gbeckor-Kove, 1989) while drought is defined as a temporary 

climatic event (Maliva & Missimer, 2012).  

Drylands are home to approximately 38.2% (± 0.6%) of the global 

population (Esch et al., 2017; Koutroulis, 2019), that is about 3 billion 

people. These regions cover up to about 46% of the total terrestrial surface 

(about 60 million km2; D’Odorico et al., 2013; Maestre et al., 2016; Pravalie, 

2016). From them, approximately 70% of dryland areas are located in Africa 

and Asia and according to the European Environment Agency (European 

Court of Auditors (ECA), 2018), in the areas of Southern, Central and 

Eastern European the 8% of the territory show “very high” and “high 
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sensitivity” to desertification including a large part of the Mediterranean 

Spain.  

 

1.3 THE EFFECT OF GLOBAL WARMING ON 
DRYLANDS. THE MEDITERRANEAN REGION 
 

Warming trends over drylands are twice the global average (Lickley 

& Solomon, 2018). A warming climate will result in regional increases in 

the spatial extent of drylands and that regions will warm faster than the 

global average warming rate. As a result of an increased drought frequency 

and reduced soil moisture availability in the growing season, the range and 

intensity of desertification have increased over the past several decades 

(Engelbrecht et al., 2015; Schlaepfer et al., 2017). Arid ecosystems are more 

sensitive to changes in precipitation and temperature (Li et al., 2018; 

Seddon et al., 2016; You et al., 2018), increasing vulnerability to 

desertification. Social drivers, as land use changes or anthropogenic 

disturbances, can also play an important role with regards to future 

vulnerability (Emmerich, 2003; Eswaran et al., 2000; Huenneke et al., 2002; 

Schlesinger, 1990). 

 

Mediterranean climate is also projected to become drier (Alessandri 

et al., 2014; Polade et al., 2017). Regional trends in frequency and intensity 

of drought also considerate that Mediterranean areas will be clearly affected 

by global warming (Kelley et al., 2015; Wilcox et al., 2018). Also, the locally 

increased incidence of extreme rainfall events over the Mediterranean 

region has been suggested (Giannakopoulos et al., 2009) join to an expected 

decrease in annual rainfall (Capolongo et al., 2008). Rodriguez-Caballero et 

al., (2018) found a possible reduction in the biological soil crust in eastern 

Spain of 25 – 40% by 2070, and García-Fayos & Bochet, (2009) found a 
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possible reduction in plant species richness and plant cover in semi-arid 

Mediterranean shrublands in eastern Spain. For that, is so important to 

study how loss of biodiversity and modification of the ecosystem functions 

is inducing changes on the global carbon exchanges in the terrestrial 

ecosystems. 

 

1.4 THE EDDY COVARIANCE TECHNIQUE. FLUXNET 
AND REGIONAL NETWORKS 
 

The eddy covariance technique (EC) is the standard method used by 

biometeorologists to measure the net ecosystem exchange (NEE) fluxes of 

trace gases between ecosystems and atmosphere. The EC is a powerful tool 

(Aubinet et al., 2012; Baldocchi, 2014) that helps the scientific community 

to reach a better understanding of the Earth’s climate system in the global 

change context (Reich, 2010; Solomon & Quin 2007). Key attributes of the 

eddy covariance method are its ability to measure NEE fluxes directly, in 

situ, without invasive artifacts, at a spatial scale of hundreds of meters, and 

on time scales spanning from hours to decades (Baldocchi et al., 2001). 

Despite some limitations inherent to the technique (i.e. its application is 

generally restricted to periods when atmospheric conditions are turbulent), 

annual integrations of CO2 exchange have been demonstrated feasible 

(Wofsy et al., 1993) and the use of the EC towers has spread around the 

world with more than eight hundred of towers dedicated to the estimation 

of annual CO2 exchange at different ecosystem surfaces. 

A set of regional (Aubinet et al., 1999; Isaac et al., 2016; Novick et al., 

2018; Reich, 2010; Yu et al., 2006) and global networks (Pastorello et al., 

2020) of EC flux measurement stations has been established compiling data 

for different EC stations. Some regional networks are AmeriFlux in the 

United States of America, CarboEurope in Europe; AsiaFlux in Asia, 
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OzFlux in Australia and ChinaFlux in China. FLUXNET is the global 

network that integrates information of many of the experimental sites 

included in these regional networks together. They provide an 

infrastructure for compiling, storing, and distributing open data of carbon, 

water, energy fluxes and related meteorological conditions to the scientific 

community. Although the stations are dispersed across most of the world’s 

climate space and representative biomes, the arid and semi-arid 

environments are largely under-represented in these networks (Bell et al., 

2012). 

 

1.5 PROCESSES INVOLVED IN THE TERRESTRIAL 
CARBON CYCLE 
 

The total amount of carbon incorporated into the ecosystem through 

photosynthesis is known as gross primary production (GPP), and the global 

GPP average is estimated about 123 PgC yr–1 (Beer et al., 2010). A 

proportion of the CO2 captured by ecosystems returns to the atmosphere 

via ecosystem respiration (Reco; Falge et al., 2002; Valentini et al., 2000). 

Reco components include the emission of CO2 from soils (Vargas et al., 2011) 

known as total soil respiration (RS), and is composed from the production 

of CO2 by heterotrophic organisms (i.e., heterotrophic respiration, Rh) and 

autotrophic respiration (RA, production of CO2 by plant roots and 

organisms directly associated with the rhizosphere; Hanson et al., 2000). 

The balance between CO2 captured via GPP and loss through Reco is the net 

ecosystem exchange (NEE), which ultimately determines if the ecosystem 

acts as a net carbon source or sink. 

Some studies have shown a contribution of geochemical processes to 

the NEE (Emmerich, 2003; Mielnick et al., 2005; Roland et al., 2013). This 

other process, different from GPP and Reco, is included in the concept of the 
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Net Ecosystem Carbon Balance (NECB). As defined by Chapin III et al., 

(2006), NECB is the net rate of organic and inorganic carbon accumulation 

in an ecosystem, from all sources and sinks, regardless of the temporal and 

spatial scale at which it is estimated. Some of these processes include 

photodegradation (Rutledge et al., 2010), geochemical weathering 

(Hamerlynck et al., 2013), and subterranean ventilation (Kowalski et al., 

2008).  

 

 

Figure 2. Diagram of how changes in wind or changes in atmospheric pressure at 

different temporal scales produces the soil CO2 transport. 

 

Pressure pumping (Massman et al., 1997; Mohr, et al., 2016; Roland 

et al., 2015), pressure tides (Clements & Wilkening, 1974; Kimball & 

Lemon, 1970; Le Blancq, 2011) and subterranean ventilation (Kowalski et 

al., 2008; Sánchez-Cañete et al., 2011; Serrano-Ortiz et al., 2010) are non-

diffusive transport processes affected by wind or changes in atmospheric 

pressure at different temporal scales especially relevant in semi-arid and 

carbonate ecosystems.  These processes, 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) and can 

dominate the NECB in some Mediterranean ecosystems with annual 
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contributions higher than 50% coming from soil CO2 reservoirs (Serrano-

Ortiz et al., 2014; López-Ballesteros et al., 2017). 

 

1.6 THE SOIL CO2 RESERVOIR IN A GLOBAL 
CONTEXT 
 

Soils contain about 1500 Gt of organic carbon (Scharlemann et al. 

2014), which is about 1.8 times more carbon than in the atmosphere and 2.3 

– 3.3 times more than what is contained in the terrestrial vegetation of the 

world (Ciais et al. 2013). Soil CO2 efflux (or soil respiration) constitutes a 

significant component of CO2 ecosystem fluxes (Hanson et al., 2000; Raich 

& Schlesinger, 1992), especially in semiarid and arid ecosystems where most 

of the carbon resides belowground (Burke et al., 2008; Eswaran et al. 2000). 

Annually, 119 GtC is estimated to be emitted from the terrestrial ecosystem 

to the atmosphere, and about 50% is attributed to soil microbial respiration 

(Auffret et al. 2016; Shao et al. 2013).  

Despite its importance, research on the subterranean CO2 dynamics 

are focused on surface soils (Davidson et al., 1998; Drewitt et al., 2002; 

Janssens et al., 2001; Subke et al., 2003), neglecting the deeper layers 

(Davidson et al., 2006; Hirano et al., 2003; Hirsch et al., 2004; Maier et al., 

2010; Risk, 2002; Tang et al., 2003). Currently, the knowledge about the 

production and transport of CO2 within the vadose zone (between the water 

table and the soil surface) remains very vague even though deep soil layers 

can contain much more carbon than previously assumed (González-

Jaramillo et al; 2016).  
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Figure 3. The CO2 in soil is storaged and transported mainly in gas form in the 

vadose zone (unsaturated zone) and dissolve in water in the saturated zone. 

 

Based on radiocarbon measurements, deep soil organic carbon (SOC) 

can be very old, with residence times up to several thousand years (Rumpel 

& Kögel-Knabner 2011) or even several tens of thousands of years (Okuno 

& Nakamura 2003). Dynamics associated with such deeply buried carbon 

remain poorly studied, it is widely ignored by the models and is not 

addressed in most of the ecosystem geochemical studies. Thus, nowadays, 

the SOC dynamics represents a large source of uncertainties on 

biogeochemical interactions of soils with atmosphere and climate. One 

example of this is that the three existing databases (SoilGrids, the 

Harmonized World Soil Data Base and Northern Circumpolar Soil 

Database) substantially differ in the estimated size of global SOC stock 

down to 1 m depth, varying between 2500 Pg to 3400 Pg (Köchy et al. 2015; 

Tifafi et al. 2018). These values are four to eight times larger than the 

carbon stock associated with the terrestrial vegetation (Bond-Lamberty et 

al. 2018).  
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The deep soil carbon, is assumed to be stable. Unfortunately, recent 

studies suggest that CO2 release from deep soils can also be increased by 

global warming. An increase of 4 oC can increase the annual soil respiration 

by 34–37% (Hicks Pries et al. 2017). At surface, long-term SOC responses 

to global warming remain uncertain (Davidson et al. 2006; Dungait et al. 

2012; Nishina et al. 2014; Tian et al. 2015).  
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OBJECTIVES 
 

The main objective of this thesis is to improve the knowledge of 

subterranean CO2 dynamics in soil in two semi-arid ecosystems and to 

study the role of subterranean ventilation at global scale.  

In the different chapters, this thesis tries to achieve the main objective by 

meeting the specific objectives identified for each chapter: 

 

o To know the role of pressure tides in the CO2 dynamic in deep soil 

profiles in two semi-arid ecosystems under study: possible causes, 

main characteristics and ecosystem functioning (Chapter I). 

 

o To distinguish which biotic and abiotic processes are the drivers 

involved in the CO2 transport and exchange with the atmosphere in 

shallow and deep profiles in two semi-arid ecosystems (Chapter II). 

 

o To study the relevance of subterranean ventilation events at global 

scale (Chapter III).
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MATERIAL AND METHODS 
 

2.1 EXPERIMENTAL SITES DESCRIPTION 
 

The study area of this thesis is located in the southeast of Spain, 

which represents the driest part of Europe. The two experimental sites 

studied, Balsa Blanca and Amoladeras, are located within the Cabo de Gata-

Níjar Natural Park (Almería). The experimental sites are two neighbouring 

semi‐arid grassland sites similar in terms of climate, geology, topography 

and vegetation: (1) Balsa Blanca (N36o56’26.8” W2o01’58.8″; hereinafter 

BB), and (2) Amoladeras (N36o50’5” W2o15’1″; hereinafter AM). They are 

located 23 km apart from each other at an altitude of 65 m (AM) and 208 m 

(BB) above the sea level. A summary table of this section is available in 

Chapter I. 

 

Figure 4. Location of the study area. 

 

2.1.1 CLIMATOLOGY AND VEGETATION 
 

The area is classified as a hot arid desert according to Köppen 

classification (BWh; Rubel & Kottek, 2010). The climate is characterized by 



Ph. D. DISSERTATION/TESIS DOCTORAL MARÍA ROSARIO MOYA JIMÉNEZ 
 
 

32 
 

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) when the temperature 

starts to rise and water resources have not yet become scarce (Serrano-

Ortiz et al., 2014).  

 

Figure 5. Scheme of Amoladeras (left) and Balsa Blanca (right). 

 

Vegetation is dominated by Machrocloa tenacissima and other 

drought‐tolerant plant species. The rest of vegetation is composed of 

Thymus hyemalis Lange, Helianthemum almeriense, Sideritis pusilla (Lange) 

Pau, Hammada articulata, Lygeum spartum L., Salsola genistoides Juss. ex 

Poir., and Launaea lanifera Pau in AM and Chamaerops humilis, Rhamnus 

lycoides, and Pistacia lentiscus in BB. 

 

   

Figure 6. Amoladeras experimental site during dry season (left) and growing 

season (right). 
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Figure 7. Balsa Blanca experimental site during dry season (left) and growing 

season (right). 

 

2.1.2 GEOLOGY, GEOMORPHOLOGICAL AND SOIL 
DESCRIPTION 
 

At our experimental sites, geological 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). BB is located close to large active tectonic fault system, 

the Carboneras fault (Reicherter & Reiss, 2001), belonging to the 

geothermal-volcanic basin of Almería-Níjar (Sanz de Galdeano et al., 1985). 

The proximity to this experimental site to a fault system has been related 

to a natural degassing of CO2 of geological origin in Rey et al., (2012). 

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 densities ranging between 1.6 and 2.3 g cm−3 and 

porosities ranging between 16 and 40% (Duniway et al., 2007; Zamanian et 
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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. The water table is at 50 m depth approximately 

(Junta de Andalucía, 2013). This fact serves to give an idea about the deep 

of the vadose zone in the experimental sites. 

The dominant soils are classified as Lithic Leptosols (WRB, 2015); 

they are shallow (10 – 20 cm) and alkaline (pH 8.4 (AM), 7.9 (BB)), with 

sandy loam texture class and carbonate saturated. In the surface soil 

horizon, bulk density is lower (1.18 (AM), 1.22 g cm−3 (BB)) and porosity is 

much higher (55.47 (AM), 53.96% (BB)). The soil organic carbon content is 

1.24 (AM) and 4.64 kg m-2 (BB). The relict degradation level is higher in 

AM (López‐Ballesteros et al., 2018; Rey et al., 2011) due to grazing (Alados 

et al., 2004).   

The vegetation cover varying between 23 (AM) and 63% (BB) of the 

ground surface. In the soil surface there are patches of bare soil, sections 

with biological soil crusts, and exposed gravel and rock outcrops. 

 

  

Figure 8. Aspect of soil texture in Balsa Blanca (left) and caliche horizon in 

Amoladeras (right).  
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2.2 APPLIED METODOLOGIES 
 

In this thesis, it is possible to differentiate between the methodologies 

used to obtain atmospheric data and the methodologies used to obtain data 

from the vadose zone. For atmospheric data different tasks were performed 

as data acquisition, instrumentation calibration and preliminary data 

processing for AM and BB experimental sites. In relation with the vadose 

zone data, task as data acquisition, instrumentation calibration, data 

processing, soil CO2 flux campaigns and gap filling for AM and BB 

experimental sites were done.  

A summary table of the instrumentation used in this thesis is shown 

in the Table 1. 
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Table 1. Sensors and variables used in this thesis in Amoladeras (AM) 
and Balsa Blanca (BB) experimental sites.  

VARIABLE SENSOR 
SENSOR 
HEIGHT 

 
Eddy Covariance System (10Hz) 

Wind speed (3-D) 
and sonic 

temperature 

Three-axis sonic anemometer (CSAT-3, 
Campbell Scientific, Logan, UT, USA) 

3.05 m (AM) 
2.90 m (BB) 

CO2 and H2O 
vapour densities 

Open-path infrared gas analyzer (Li-Cor 7500, 
Lincoln, NE, USA) 

3.05 m (AM) 
2.90 m (BB) 

 
Meteorological Measurements (10 Hz) 

Pressure 
Open-path infrared gas analyzer (Li-Cor 7500, 

Lincoln, NE, USA) 
3.05 m (AM) 
2.90 m (BB) 

Photosynthetic 
Photon Flux 

Density 
PAR sensor (Li-190, Li-Cor, Lincoln, NE, USA) 

1.40 m (AM) 
1.50 m (BB) 

Net Radiation 
Net radiometer (NR Lite, Kipp&Zonen, Delft, 

Netherlands) 
1.70 m (AM) 
1.50 m (BB) 

Air temperature 
Thermohygrometer (HMP35-C, Campbell 

Scientific, Logan, UT, USA) 
3.65 m (AM) 
1.50 m (BB) 

Air humidity 
Thermohygrometer (HMP35-C, Campbell 

Scientific, Logan, UT, USA) 
3.65 m (AM) 
1.50 m (BB) 

Soil heat flux 
Heat flux plate (HFP01SC, Hukseflux, Delf, 

Netherlands) 
-0.08 m 

Rainfall 
A tipping bucket (0.2 mm) rain gauge (785 M, 
Davis Instruments Corp., Hayward, CA, USA) 

1.30 m (AM) 
1.40 m (BB) 

 
Subsoil Measurements (30 sec) 

Subsoil CO2 
molar fraction 

CO2 sensor (GMM222, Vaisala, Inc., Finland) -0.05 m 

Subsoil CO2 
molar fraction 

CO2 sensor (GMP-343, Vaisala, Inc., Finland) 
-0.15 m, -0.5 m,      

-1.5 m 

Soil temperature 
Thermistor (107, Campbell Scientific, Logan, 

UT, USA) 
-0.05 m, -0.15 m, 

-0.5 m, -1.5 m 
Soil water 

content 
Water content reflectometer (CS616, Campbell 

Scientific, Logan, UT, USA) 
-0.05 m, -0.15 m, 

-0.5 m, -1.5 m 
 

Datalogger system 
EC and 

meteorological 
measurements 

Datalogger (CR3000 and CR10X, Campbell 
Scientific, Logan, UT, USA; hereafter, Campbell 

Scientific, Logan, UT, USA) 

Stored as 30 min 
averages 

Subsoil 
measurents 

Datalogger (CR23X, CR1000, CR3000, 
Campbell Scientific, Logan, UT, USA; hereafter, 

Campbell Scientific, Logan, UT, USA) 

Stored as 30 min 
averages 
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2.2.1 THEORY RELATED WITH ATMOSPHERIC DATA 

ADQUISITION: THE EDDY COVARIANCE TECHNIQUE 

 

The boundary layer is the part of the troposphere that is directly 

influenced by the presence of the earth's surface, and responds to surface 

forcing with a timescale of about an hour or less (Stull, 1988). The boundary 

layer thickness is quite variable in time and space, ranging from hundreds 

of meters to a few kilometers in a day. Here, turbulent processes are mainly 

produced by the daily change of temperature in the ground that warms and 

cools in response to the soil radiation surface. This turbulence produced 

transport processes of momentum, mass and energy that can be visualized 

as a set of irregular swirls of motion called eddies (Arya, 1988). Each eddy 

has 3-D components, including vertical movement of the air. 

Mathematically such vertical flux can be represented as a covariance 

between measurements of vertical velocity, the upward and downward 

movements, and the concentration of the entity of interest. Such 

measurements require very sophisticated instrumentation. 

The eddy covariance (EC) technique is a micrometeorological 

technique able to measure the covariance of vertical eddies to get wind 

velocities and scalars such as CO2, water vapour and temperature (Hutley 

et al., 2005). Fluxes measured with EC systems are representative of the 

canopy exchanges in concentration, density or temperature, integrated in 

the ecosystem (the footprint area ranges from hundreds of hectares to many 

square kilometers). This technique needs high-resolution temporal 

sampling (<10 Hz) to capture the turbulent upward and downward 

movements of eddies produced between the canopy and the lower 

atmosphere because turbulent fluctuations happen very quickly. Overall, 

the general physical principle for eddy flux measurement is to measure how 
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many molecules are moving upward and downward over time, and how fast 

they travel (Burba, 2013). 

 

  

Figure 9. Eddy covariance stations of Balsa Blanca (right) and Amoladeras (left) 

experimental sites. 

 

The EC technique is currently the standard method used in the 

regional and global networks used in this thesis. The fundamental 

instrumentation of an EC station is composed by two fast-response sensors 

that allow the measurement of turbulent fluxes. On one hand, the infrared 

gas analyzer (IRGA) measures the trace gas (in our case CO2) and water 

vapor densities and its functioning is based on Beer-Lambert law. On the 

other hand, the sonic anemometer measures the 3-D wind speed and the 

speed of sound, from which sonic temperature is derived. Additionally, 

other standard meteorological measurements as photosynthetically active 
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radiation (PAR), net radiation, vapor pressure deficit (VPD), temperature 

and relative humidity, atmospheric pressure, rainfall, soil heat flux and soil 

water content were also measured in order to get comprehensive datasets 

describing biotic fluxes and their abiotic determinants in the ecosystem 

under study.  

 

2.2.2 ATMOSPHERIC EXPERIMENTAL DESIGN  
 

Two eddy covariance (EC) monitoring stations were installed in AM 

and BB in July 2007 and June 2006, respectively. The characteristics of both 

locations are ideal to feasibly use the EC technique, since both areas are 

quite flat and the surface is very homogeneous. Together with other 

instrumentation, they were used for meteorological measurements of 

densities of CO2 and water vapor as well as atmospheric pressure (IRGA 

Li‐Cor 7500, Lincoln, NE, USA), wind speed and sonic temperature (CSAT‐

3, Campbell Scientific, Logan, UT, USA), net radiation (NR Lite, 

Kipp&Zonen, Delft, Netherlands), air temperature and air relative humidity 

(HMP35‐C, Campbell Scientific, Logan, UT, USA) and rainfall (745 M, 

Davis Instruments Corp., Hayward, CA, USA). The friction velocity (u*) 

was determined as the turbulent velocity scale resulting from square root 

of the (density-normalized) momentum flux magnitude (Stull, 1988). 

Data acquire for AM and BB are freely available to the FLUXNET 

community in http://www.europe-fluxdata.eu/. Sites codes for them in this 

database are “ES-Amo” and “ES-Agu”, for AM and BB respectively.  
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2.2.3 CALIBRATION AND DATA ADQUISITION IN 
ATMOSPHERE 
 

Meteorological data were recorded as 30 min averages by data 

loggers (CR3000 and CR10X, Campbell Scientific, Logan, UT, USA). 

Power of installation was supply with solar panels (~570 Wp) and batteries 

(~680 Ah). Missing data for all meteorological variables in both sites 

corresponded to <10% over the entire period. PC400 or Loggernet are the 

software used to set up, configure, and retrieve data from EC dataloggers. 

EddyPro® software (version 5.2.1; LI-COR, Inc. 2014) was used for 

postprocessing steps. 

 

 

Figure 10. Some tasks of atmospheric and soil data maintenance. 

 

IRGAs were calibrated using a N2 standard for zero and a standard 

gas for span (508 μmolCO2 mol-1) gas each six months. Considering the CO2 

deviation (around 5 μmolCO2 mol-1) between calibrations this frequency of 
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action was suitably for a correct maintenance. The internal chemicals 

(Ascarite II and magnesium perchlorate) were changed annually as the 

manual suggest. 

 

2.2.4 THEORY RELATED WITH SUBSOIL DATA 

ADQUISITION: THE IDEAL GAS LOW AND CO2 

MEASUREMENTS 

 

2.2.4.1 HOW CO2 SESONRS WORK 
 

Each gas has an unique infrared (IR) absorption spectrum able to be 

detectable using IR techniques. In the case of CO2, there are 3 main bands 

of IR absorption at wavelengths 2, 2.7, 4.3 and 15 ƞm. Both IRGAs and soil 

CO2 sensor, used this principle to measure the gas density and transform to 

volumetric concentration of CO2 in air. The key components of an IR CO2 

detector are a light source, a measurement chamber, an interference filter 

(interferometer) and an IR detector. That is how they work: 1) the 

instrument produces an IR radiation directed from the light source to the 

measured gas; 2) the filter prevents the wavelets other than the specific gas 

measured. When the passband of the interferometer coincides with the 

absorption wavelength of the CO2 gas; 3) the IR detector sees a decrease in 

the light transmission. This change in the light intensity detected is 

converted to a CO2 density value calculating the ratio between this signal 

and a reference band (that has no absorption lines). Later, knowing the 

ambient pressure and temperature can be obtained the CO2 molar fraction 

by application of the ideal gas law. 
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2.2.4.2 THE IDEAL GAS LAW 
 

The ideal gas theory (1) is used to estimate the effect of temperature 

and pressure changes on CO2 density (ρ).  

𝜌 =
௉ 

ோ ்
                  (eq.1) 

where (P) is the ambient pressure, (T) is the ambient temperature, and (R) 

is the universal gas constant (8.3145 J mol-1 K-1) 

If the infrared gas analyzer (IRGA) and soil CO2 sensor not corrected 

the CO2 molar fraction (χc) for changes in temperature and pressure, it takes 

a pressure and temperature constant; so we will have to correct the χc by 

the effect of temperature and pressure changes using this equation: 

𝜒௖ =  𝜒௖′
௉೎೟೐

௉

்

೎்೟೐
   (eq. 2) 

where 𝜒௖  is the the CO2 molar fraction (µmol/mol) corrected by 

temperature (T, kelvin) and pressure (P, kPa), 𝜒௖′ is the CO2 molar fraction 

(µmol/mol) measured without correction by T and P. The subscript “cte” is 

the value of reference used by the IRGA for T (Kelvin) and P (kPa). 

 

2.2.5 SHALLOW SOIL CO2 PROFILE 
 

Shallower sensors were installed at 0.05 m in June 2011 in BB and in 

June 2012 in AM. The CO2 sensors were installed vertically with a soil 

adapter (GMM-222, Vaisala, Inc., Finland) to avoid water entering. Soil 

moistures were monitored using water content reflectometer (TDR, CS616, 

Campbell Scientific, Logan, UT, USA).  Subsurface temperatures were 

monitored using thermistors (107, Campbell Scientific, Logan, UT, USA).  
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Figure 11. Shallow CO2 and temperature sensors. Photos from Amoladeras 

experimental site. 

 

2.2.6 DEEP SOIL CO2 PROFILE 
 

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. A stabilization period of 6 months after the 

installation of the vertical profile in AM (July 2013) was needed to get 

reliable data. The stabilization period was selected after comparing CO2 

dynamics in both vertical profiles. Vertical profiles measured soil CO2 molar 

fractions (infra‐red sensor GMP‐343, Vaisala, Inc., Finland), soil 

temperatures (107 thermistors, Campbell Scientific, Logan, UT, USA) and 

volumetric soil water content (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 
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protection. During this thesis we have differentiated two levels in the deep 

soil CO2 vertical profile: subsurface layer (0.15 m sensors) and deep layer 

(0.5 m and 1.5 m sensors). 

 

 

Figure 12. CO2, temperature and soil water content sensors at 1.50 m (left) and 

0.15 m (right) before refill the boreholes during deep profile installation. Photos 

from in Balsa Blanca experimental site. 

 

2.2.7 CALIBRATION AND DATA ADQUISITION IN SOIL 
 

The CO2 sensors were configured to measure the CO2 molar fractions 

at a temperature of 25 °C and 1013 hPa, and during the post‐processing 

they were corrected for variations in temperature and pressure. Data were 

recorded every 30 s and stored as 30 min averages in a data-logger (CR23X, 

CR3000 and CR1000, Campbell Scientific, Logan, UT, USA). Power of 

installation was supply with solar panels (~570 Wp) and batteries (~680 

Ah). For the deep profile, 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 

temperature at 1.50 m (48%) and χc at 0.50 m (50%) due to instrument 

malfunction. Missing data for all shallow variables in both sites 

corresponded to <15% in AM and <20% in BB for the entire period except 
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in BB for volumetric water content at 0.05 m (46%) due to instrument 

malfunction during the last months. PC400 was the software used to set up, 

configure, and retrieve data from soil dataloggers.  

 

 

Figure 13. Differences between vertical profiles in Amoladeras (left) and BB 

(right) experimental sites. 

 

Although soil CO2 sensors were inherently stable, the superficial 

sensors were calibrated annually using a CO2 calibrator (GMK220, Vaisala, 

Inc., Finland). The to two-point calibration was performed using two 

reference gases, a low standard gas (508 μmolCO2 mol-1) and a high 

standard gas (1989 μmolCO2 mol-1). The calibrations were performed 

indicating the air temperature and the air pressure in real time. Unluckily 

the calibration of the CO2 sensors situated in the deep profile was impossible 

without disturb the vertical soil profile. 
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2.2.8 THE GRADIENT METHOD TO ESTIMATE SOIL 

CO2 FLUX 
 

Recently, the gradient method has become popular to study the CO2 

transport within the soil and between the soil and the atmosphere (Maier & 

Schack-Kirchner, 2014; Sanchez-Cañete & Kowalski, 2014). The CO2 

produced in the soil is transported between the soil layers and from the soil 

to the atmosphere mainly by diffusion. The CO2 efflux can be determined 

from concentration gradients in the soil layers and between the soil and the 

atmosphere. This gradient method is especially suitable for studying the 

vertical distribution of CO2 production in the soil and for studying the 

processes affecting the CO2 efflux. The diffusivity of CO2 in the soil depends 

on total soil porosity, soil tortuosity, soil water content and transport 

distance. The gradient method was used in our experimental sites to 

determine the soil CO2 efflux. 

Soil CO2 efflux for the shallow profile (0.05 m) was calculated 

assuming that all transport is due to diffusion as:  

𝐹௦ =  −𝑘௦𝜌௔
ௗఞ೎

ௗ௭
        (eq. 3) 

where 𝐹௦ is the upward gas flux (µmol CO2 m−2 s−1), 𝑘௦ is the soil CO2 

transfer coefficient (m2 s−1), 𝜌௔ the mean air molar density (µmol m−3) and 

𝑑𝜒௖/𝑑𝑧 is the vertical CO2 molar fraction gradient (ppm m−1). The CO2 

gradient was calculated using the difference between the mean atmospheric 

CO2 molar fraction and the value of the soil CO2 sensors at 0.05 m depth. 

The CO2 molar fraction was corrected for variations in temperature and 

pressure. The air density (𝜌௔) was obtained from the ideal gas law. The 

empirical 𝑘௦ is equal to the soil CO2 diffusion coefficient in absence of 

production/consumption processes in the monitored layer. It depends not 

only on diffusion but also can vary with production/consumption processes 



 MATERIAL AND METHODS 
 

47 
 

in the layer (Sánchez-Cañete et al., 2017), in our case from 0 to 5 cm. The 

transfer coefficient 𝑘௦ is obtained from the flux-gradient relationship 

proposed by Roland et al., (2015): 

𝑘௦ =
ி೎೓ೌ೘್  ௗ೥

ఘೌ ௗഖ೎
           (eq. 4) 

where in our study 𝐹௖௛௔௠௕  was measured by a portable soil CO2 flux 

chamber (EGM-4; PP-systems, Hitchin, UK) during 14 campaigns in BB 

and 11 campaigns in AM at differing values of soil water content. These 

measurements were performed between November 2013 and May 2014 in 

BB and from April 2016 to October 2016 in AM.  𝐹௖௛௔௠௕  measurements 

were always performed between 8:00 and 10:00 (solar time) in AM and 

between 11:00 and 16:00 in BB. For each measurement of soil CO2 effluxes 

(Fs), the soil chamber was placed on a PVC collar (5 cm height, 10.5 cm 

diameter) previously inserted in the soil, leaving 2 – 3 cm above ground. 

The chamber system was configured to store temperature, relative 

humidity, CO2, and pressure every 3 s during 120 s. The 𝐹௦  were estimated 

from the initial slopes of CO2 molar fractions of the confined air versus time, 

by using either linear or quadratic regression (Kutzbach et al., 2007; Pérez-

Priego et al., 2010; Wagner et al., 1997) for the best regression fit. The raw 

values of CO2 molar fraction were previously corrected for dilution (Hubb, 

2012) from CO2 molar fractions referred to wet air. Finally, the flux density 

was calculated using the ideal gas equation as explained by Pérez-Priego et 

al. (2015). The chamber fluxes were estimated as: 

𝐹௖௛௔௠௕ =
ௗఞ೎

ௗ೟
 
௏

ௌ
 
௉బ (ଵି௪బ)

ோ బ்
             (eq. 5) 
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Figure 14. Soil CO2 efflux campaign using a portable chamber in Amoladeras 

experimental site. 

 

where 𝐹௖௛௔௠௕  is the soil CO2 efflux (μmol m-2 s-1) derived from the 

chamber system, 𝑑𝜒௖/𝑑௧ is the initial rate of change in CO2 molar fraction 

referenced to dry air (μmol mol-1 s-1), 𝑉 is the total volume (chamber+ 

collar, m3), 𝑆 is the projected surface area (m2), 𝑃଴  is the initial atmospheric 

pressure (Pa), 𝑤଴ is the initial water vapor mole fraction (mol mol-1), 𝑅 is 

the universal gas constant (8.314, m3 Pa K-1 mol-1), and  𝑇଴ is the initial air 

temperature (K). Therefore, knowing 𝐹௖௛௔௠௕௘௥ and applying equation (2), 

we obtain the soil CO2 transfer coefficient (𝑘௦). To model 𝑘௦ , it was fit using 

a power function against soil tortuosity (ξ): 

௞ೞ

஽ೌ
= 𝑎 ξ ௕          (eq. 6) 
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where 𝐷௔ is the diffusion coefficient of the CO2 in free air, calculated 

according to Jones (1992), and ξ is obtained as the soil porosity (φ ,cm3 cm-

3) minus the soil water content (θ, cm3 cm-3) and the coefficients a and b 

were obtained by least squares regression. Finally, we used our calculated 

soil CO2 transfer coefficient (𝑘௦) to estimate soil CO2 fluxes during whole 

the period using the equation (3). 

 

2.2.9 TIME SERIES ANALYSIS: THE ANALYSIS OF 

TIME SERIES IN THE FREQUENCY DOMAIN 
 

In biogeosciences environmental time series are non-stationary 

signals that can switch between different patterns by small environmental 

changes. For this kind of data the wavelet analysis is a powerful tool used 

for the characterization of time series and the analysis of their possible 

association with other environmental signals through the decomposition of 

the signal (Torrence & Campo, 1998). During my research stay in the 

University of Delaware, I could learn the basics of this analysis that are 

applied in Chapter I and II. In order to approach the reader to a better 

understanding of the technique, a brief of theory is explained below.  

The wavelet analysis let us to examinate one time series in the time 

and frequency domain for visual interpretation or two time series together 

that may be expected to be linked in some way (Cazelles et al., 2008; 

Govindan et al., 2005 Grinsted et al., 2004; Torrence & Compo, 1998). The 

signal (the time series) is decomposed into harmonic components based on 

Fourier analysis. This can be regarded as a partition of the variance of the 

series into its different oscillating components with different frequencies 

(periods). Peaks in the periodogram (an estimate of the spectral density of 

a signal) or in the spectrum indicate which frequencies are contributing the 
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most to the variance of the series. In this manner, periodicities, if present, 

are detected (Chatfield, 1989).  

The wavelet transform overcome the limitations of Fourier 

transform and is used to analize the time series at different frequencies 

(Daubechies, 1992). It decomposes signals over dilated and translated 

functions called ‘‘mother wavelets’’ ϕ(t) that can be expressed as the 

function of two parameters, one for the time position (τ), and the other for 

the scale of the wavelets (α). The wavelet transform can be thought as a 

cross-correlation of a signal x(t) with a set of wavelets of various ‘‘scales’’ α, 

at different time positions τ (Cazelles et al., 2006). The mother wavelets, 

are grouped into different types of wavelet families with different 

properties. Morlet mother wavelets provide a good balance between time 

and frequency space and are used to find temporal periodicities (Grinsted et 

al., 2004) and are used in this thesis.  

Using the discrete wavelet transform (DWT, not used in this thesis) 

or the continuous wavelet transform (CWT, used in Chapter II) we can 

describe the temporal variability of a signal and track how the different 

scales related to the periodic components of the signal change over time, i.e. 

to filter data series in high-frequency events or low-frequency events. By 

other side, cross wavelet transform (XWT, not used here) and wavelet 

coherency analysis (WCA, used in Chapter I and II) generalize these 

methods, allowing the analyses of dependencies between two signals. The 

XWT reveals areas with high common power while the WCA localized 

correlation coefficient in time frequency space (Grinsted et al., 2004). Thus, 

WCA ranges between 0 and 1, where 1 indicates the highest temporal 

correlation and 0 no correlation between variables. The statistical 

significance level in the WCA is estimated using Monte Carlo methods with 

10.000 iterations. The filtering of any finite-length signal through the 

wavelet functions produces some edge effects, which reduce the reliability 
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region of the wavelet results. This area is delimited in the wavelet power 

spectrum as curved lines in “the cone of influence”. In addition, arrows show 

in the power spectrum or calculated as angles outline the phase‐locked 

angle relationship between both time series (Govindan et al., 2005; 

Grinsted et al., 2004).
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RESULTS 
 

This section is divided in three different chapters estructurated as a 

scientific journal format. Introduction and Material and Methods of each 

chapter include the specific information refereed in the “Introduction” and 

“Material and Methods” sections of this thesis.  
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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. 
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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 networks (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, 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 increasing with depth, 

which is affected by the transport of dissolved atmospheric and soil CO2 in 

waters and gravitational percolation (Baldini et al., 2006; Sánchez-Cañete 

et al., 2013b) 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, physical 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 processes are highly 
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interconnected. Diffusion is a slow transport process modelled by Fick’s 

first law (only dependent on soil CO₂ production and diffusivity; Maier & 

Schack-Kirchner, 2014), while bulk flow is typically modelled 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 biotic and 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 et al., 2013a). 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 
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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 chapter 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; 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 variable 

influencing CO2 dynamics at daily and weekly time-scales because pressure 

differences in permeable soils could enhances 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 subterranean CO2 storage and non-diffusive gas transport in the 

vadose zone.  
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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 neighbouring semi-

arid grassland sites similar in terms of climate, geology, topography and 

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 Amoladeras (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 characterized by 

a mean annual precipitation of 220 mm and a mean annual temperature of 

18 oC (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, 

geological 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 Plesictocene; 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 densities 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 
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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, 2013). The dominant 

soils are classified as Lithic Leptosols (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 (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 
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(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 oC and 1013 hPa, but during the post-processing 

measurements 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 datalogger (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 temperature 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, Campbell Scientific, 

Logan, UT, USA) and rainfall (745M, Davis Instruments Corp., Hayward, 

CA, USA) were acquired since 2009. Meteorological data were recorded as 

30 min 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). 
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Amoladeras Balsa Blanca 
Site characteristics  

Soil depth (m) 
 

Morfology of horizons and 
carbonates content (%) 

 
Soil depth (m) 

 
Morfology of horizons and 

carbonates content (%) 
Altitude (m) 65 208 
Distance from the sea (m) 3600 6300 

Water table depth (m) 50  
 

 
 
 

 
0.15 

 
 
 
 
 
 
 
 

0.50 
 
 
 
 
 
 

 
1.50 

 
 

 
Ah (11.3) 

 
 

Petroc. 
horizon 

 
 
Cmk1 (79.6) 

 
 

 
 
 
 

2Cmk2 (65) 
 

 
3Cmk3 (89.5) 

 
         

 

50  
 
 
 
 
 

0.15 
 
 
 
 
 
 

0.50 
 

 
 
 
 
 
 
 
 

1.50 

 
 

 
Ah (1) 

 
 

Petroc. 
horizon 

 
 
 

Cmk1 (91.6) 
 

 
 

2Cmk2 
(55.2) 

 
3Cmk3 (100) 

 
 

4Cmk4 
(95.3) 

 

 

Slope (%) 2-6 2-6 
Climate Cold arid steppe, dry, semi-

arid 
Cold arid steppe, dry, semi-arid 

Mean annual Tre (ºC) 18 18 
Annual precipit. (mm) 220 220 
Predominant Sp. Machrocloa tenacissima Machrocloa tenacissima 
Relict degradation level High Low 

Soil properties   
Vegetation cover (%) 23 63 
Biological crust and litter cover (%) 34 26 
Bare soil cover (%) 8 1 
Gravel and rock cover (%) 35 10 
Soil type Lithic Leptosol (Calcaric) Mollic Lithic Leptosol (Calcaric) 
Maximum soil depth (cm) 15 20 
Soil texture class (%)   

Clay 15 16 
Silt 27 23 

Sand 58 61 
Bulk density (g cm-3) 1.18 1.22 
Porosity (%) 55.47 53.96 
pH 8.4 7.9 
Soil organic C (kg m-2) 1.24 4.64 

Sea → 
Vadose zone → 

Saturated zone → 

 



Ph. D. DISSERTATION/TESIS DOCTORAL MARÍA ROSARIO MOYA JIMÉNEZ 
 
 

62 
 

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, 2013). 

 

2.3 DATA ANALYSIS 
 

Outliers were detected with a 2.5-hour sliding standard deviation 

window across neighbouring 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 analyse 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 is that “dry” and “wet” conditions occurs in each year 

analysed. 

We used the continuous wavelet transform to describe the temporal 

variability, explore the spectral properties and investigate the temporal 
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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 analysis (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 significance (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 analysed using a 1-hour 

time step. WCA ranges between 0 and 1, where 1 indicates the highest 

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; 

Vargas et al., 2018; Xu et al., 2014). All data analyses were performed using 

MATLAB R2017a (MathWorks, Natick, Massachusetts, USA). 
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3. RESULTS 
 

 

3.1. ENVIRONMENTAL CONDITIONS 

 

The annual mean air temperature during the study period was 18.5 

± 5.9 oC in AM and 17.7 ± 6.4 oC 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 temperature (Tsoil) and precipitation are shown 

for both experimental sites in Figure 2. Fluctuations in p were 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 ºC and 34 oC 

in AM, versus 5 oC and 35 oC 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 

variation 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 oC) while minimum was 

reached in February (~18 oC). 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-
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4% in BB and maxima of 42% in AM and 50% in BB 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. 

 

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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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.a. 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. 
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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. 

 

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, with more 
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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). 

 

 

Figure 4. Average half-hour values of atmospheric pressure and soil CO2 molar 

fraction (χc) at 0.15 m, 0.50 m and 1.50 m depth during the period 05 -25 

September of 2014. 
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Amoladeras ∆p ∆p(∆Tsoil) ∆p(∆VWC) 
∆p(∆Tsoil,∆VW

C) 
 Balsa Blanca ∆p ∆p(∆Tsoil) ∆p(∆VWC) 

∆p(∆Tsoil,∆VW

C) 

∆χc 

0.15m 

year -0.59 -0.55 -0.54 -0.54  
∆χc 

0.15m 

year -0.41 -0.31 -0.40 -0.31 

dry -0.67 -0.62 -0.66 -0.62  dry -0.45 -0.35 -0.40 -0.34 

wet -0.58 -0.54 -0.58 -0.53  wet -0.40 -0.29 -0.39 -0.29 

∆χc 

0.50m 

year -0.75 -0.75 -0.75 -0.75  
∆χc 

0.50m 

year -0.43 -0.43 -0.43 -0.43 

dry -0.76 -0.76 -0.76 -0.76  dry -0.66 -0.63 -0.63 -0.63 

wet -0.78 -0.78 -0.78 -0.78  wet -0.28 -0.28 -0.28 -0.28 

∆χc 

1.50m 

year -0.75 -0.75 -0.74 -0.74  
∆χc 

1.50m 

year -0.62 -0.64 -0.61 -0.62 

dry -0.71 -0.71 -0.70 -0.70  dry -0.70 -0.72 -0.70 -0.69 

wet -0.79 -0.79 -0.79 -0.79  wet -0.62 -0.65 -0.62 -0.63 

 

Table 1. Correlation coefficients (r) of Spearman partial correlation between variations in atmospheric pressure (∆p) and variations in 

soil CO2 molar fraction (∆χc) 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). Indirect effect of variations in 

soil temperature (∆Tsoil) at three depths (0.15 m, 0.50 m and 1.50 m), variations in volumetric water content (∆VWC) at 0.50 m, and 

the combined effect of soil temperature and volumetric water content (∆Tsoil, ∆VWC) 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). 
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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 wavelet coherence analysis. 

The WCA 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. 
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Figure 5. Average 1-hour wavelet coherence analysis (WCA) to test the influence 

of atmospheric pressure on soil CO2 molar fraction at three depths (0.15 m, 0.50 m 

and 1.50 m) in Amoladeras (AM) and Balsa Blanca (BB) experimental sites. 

Yellow areas with black contour lines represent a high significant temporal 
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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 0⁰) indicate that the two time series are in phase, and horizontal 

arrows pointing left (phase angle of 180⁰) 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 (AM) and Balsa Blanca (BB) 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 (AM) and Balsa Blanca (BB) 

experimental sites. Information about the interpretation of this figure can be found 

in the caption of Figure 5. 
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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 

et al., 2013a), 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 

generally, the first peak was smaller than the second (Figure 4). This 
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bimodal pattern was produced in the opposite 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 et al., 2013a), 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 et al., 2013a). With respect to the monthly 

scale, we are not aware of any other studies relating CO2 dynamics to 

pressure tides. However, the wavelet coherence analysis 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).  

At high-frequencies (< 1 Hz; 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 

distinction 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 (Maier et al., 2010; Redeker et al., 2015). Some authors have 

stated a positive relationship 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 
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pressure tides and wind velocity was detected in BB only at 0.15 m (similar 

to results obtained by Sánchez-Cañete et al., 2013a) 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 approximately (Junta de Andalucía, 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 therefore, the air stored in the pores 
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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 fluctuated 

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 subterranean aquifer system (Junta de 

Andalucía, 2013), AM would have a higher allochthonous 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 relevant 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 takes longer for VWC to returns to its pre-storm levels (Figure 2). This 

suggests that the soil in AM favours 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 maximum water-free pore space, when the 
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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.  

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 analysing pressure tides and their relation with CO2 

fluxes at low frequencies (> 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), generates an underestimation of the real CO2 efflux rates and 

its transport in soil that cast doubt on its assumptions. 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 modelling, 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 
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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). 
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CONCLUSIONS 

 

This study assessed the main factors controlling soil CO2 dynamics in 

the vadose zone of two semi-arid grasslands at different soil depths and 

time-scales. Our results showed that CO2 dynamics at two semi-arid 

grasslands 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 

atmospheric pressure effect on the soil CO2 concentration was more evident 

in deeper layers, during the dry season 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 processes 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.  

 

 

 

 

All data used in this study are freely available at 

https://doi.org/10.6084/m9.fig- share.7381580.v2. 
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ABSTRACT AND GRAPHICAL ABSTRACT 

 
The carbon dynamic in drylands ecosystems has characteristics that 

make them unique. The spatial and temporal fluctuations of water 

availability are, in general, the fundamental drivers of biological processes 

because water availability is the most important environmental constraint. 

But also, due to the reduced biological activity of drylands ecosystems, the 

ecosystem carbon balance is also strongly associated with variations of 

abiotic factors. Pressure pumping, pressure tides and subterranean 

ventilation are non-diffusive transport processes affected by wind or 

changes in atmospheric pressure at different temporal scales. These 

processes, could results in a more efficient transport mechanism compared 

to molecular diffusion alone and can dominate the ecosystem flux during 

the dry season at ecosystem scale. They are especially relevant in well-

aerated soils with a CO2 rich vadose zone.  Unluckily most studies in soils, 

which are key components in the carbon balance in semi-arid ecosystems, 

have focused on shallow soil CO2 dynamics neglecting processes in deeper 

soil layers where highly CO2-enriched air can be stored or transported 

through soil pores and fissures by this mechanism. 

This study tries to understand either surface and subsurface soil CO2 

dynamics in two semi-arid ecosystems through the analysis of the CO2 

molar fraction and main soil and environmental variables related with biotic 

(soil temperature and soil water content) and abiotic (atmospheric pressure 

and friction velocity) factors continuously measure during three years 

(2014-2016). Different layers in the vadose zone were considered with 

sensors at 0.05 m (surface layer), 0.15 m (subsurface layer), 0.50 m and 1.50 

m (deep layer). Wavelet analysis revealed that CO2 concentration at 0.05 m 

depth was controlled by soil moisture, soil temperature, pressure pumping 

and ventilation, being rain pulses events the most important factor 



Ph. D. DISSERTATION/TESIS DOCTORAL MARÍA ROSARIO MOYA JIMÉNEZ 
 
 

84 
 

controlling the carbon dynamic. The concentrations in the deeper soil, 

however, were influenced mainly by pressure tides. While, the subsurface 

layer acted as an interphase layer and was relevant affected by soil 

temperature, soil water content, pressure tides, pressure pumping and 

ventilation. Futhermore, the long-term soil CO2 efflux based on the 

gradient method was estimated in-situ for the experimental sites of this 

study. The results achieved, especially the physical decoupling found 

between soil layers, could help us to better understand the different 

processes behind non-diffusive transport processes in semi-arid ecosystems.  
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DOMINANT VARIABLE IN THE LAYER  RELEVANT 
PROCESS DAILY PATTERN (2d) 

ANNUAL PATTERN 



Ph. D. DISSERTATION/TESIS DOCTORAL MARÍA ROSARIO MOYA JIMÉNEZ 
 

86 
 

1. INTRODUCTION

 

Understanding the components that influence patterns of terrestrial 

CO2 fluxes around the world is essential to predict and manage the effect of 

the human carbon footprint (Magnani et al., 2007). Semi‐arid ecosystems 

occupy approximately̴ 45% of the terrestrial surface and constitute the 

largest biome on the planet (Reynolds et al., 2007; Schimel, 2010), but they 

are under‐represented in ecological research networks (Schimel et al., 2015; 

Villarreal et al., 2018). Rates of biological activity per unit of drylands is 

low compared with many terrestrial ecosystems (Sitch et al., 2003) but the 

large surface area of drylands gives drylands carbon dynamic a relevant 

global significance. In particular, total dryland soil organic carbon reserves 

contain 27% of the global soil organic carbon reserves (Lal et al., 2004; MA 

2005; Schimel, 1995) and the positive global CO2 sink trend is dominated 

by semi-arid ecosystems (Ahlström et al., 2015).  

Soil temperature and soil moisture are commonly the major abiotic 

factors controlling soil respiration (Smith et al., 2018; Albertsen, 1979; 

Davidson et al., 2006). However, in arid and semi-arid ecosystems, 

subjected to prolonged summer droughts, soil CO2 efflux (Fs) respond to 

the most limiting factor (Ma et al., 2007; Rambal et al., 2003; Reinchestein 

et al., 2007; Saleska et al., 2003). Thus, water availability is the main 

controlling factor and the temperature dependence of Fs is only relevant 

during growing season, when water is not a limiting factor (Specht & Moll, 

1983; Larcher, 2000). The spatial and temporal fluctuations of water 

availability are, in general, the fundamental drivers of biological processes 

(Noy-Meier; 1973). Consequently, the most used Fs models are being 

proved ineffective in drought-prone regions or modelling the Fs emissions 
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during rain pulses (Almagro et al., 2009; Migliavacca et al., 2011; Xu & 

Baldocchi, 2004). 

Rain pulses are occasional rain events that cause the sudden 

activation of the biological activity, which large increases in the CO2 

release, that gradually decrease over some subsequent days following the 

rain event. The Fs is produced by the enhancing of the soil respiration 

processes (Birch., 1958; Curiel Yuste et al., 2003; Jarvis et al., 2007) and the 

displacement of CO2-rich soil air by water (Liu et al., 2002, Marañon-

Jimenez et al., 2011). Rain pulses are common in water-limited systems 

(Jenerette et al., 2008). These types of events only occur during periods of 

marked absence of water, so they usually occur during dry season (Ivans et 

al. 2006; Xu & Baldocchi, 2004) and mark the transition phase between dry 

and growing season (Cleverly et al., 2013; Lázaro et al., 2001). Multiple 

studies have highlighted the importance of rain pulses in the ecosystem 

carbon exchange resulting in dramatic variation in fluxes between seasons 

and years (Hastings et al., 2005; Huxman, 2004; Reynolds, 2004; Vargas et 

al., 2012).  

Due to the reduced biological activity of drylands ecosystems, the 

ecosystem carbon balance is also strongly associated with variations of 

abiotic factors, at least on short time scales (Emmerich, 2003; Mielnick et 

al., 2005; Roland et al., 2013; Were et al., 2010). Pressure pumping 

(Massman et al., 1997; Mohr, et al., 2016; Roland et al., 2015), pressure tides 

(Clements & Wilkening, 1974; Le Blancq, 2011, Sánchez-Cañete et al., 

2013a) and subterranean ventilation (Kowalski et al., 2008; Serrano-Ortiz 

et al., 2010; Sánchez-Cañete et al. 2011) are non-diffusive transport 

processes affected by wind or changes in atmospheric pressure at different 

temporal scales. These processes, results in a more efficient transport 

mechanism compared to molecular diffusion alone (Bowling & Massman, 

2011; Maier et al., 2012; Takle et al., 2004), and can dominate the flux 
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during the dry season at ecosystem scale (Kowalski et al., 2008) with annual 

contributions >50% (Serrano-Ortiz et al., 2014).  

In semiarid and arid ecosystems where most of the carbon resides 

belowground (Burke et al., 2008; Eswaran et al., 2000), Fs constitutes a 

significant component of CO2 ecosystem fluxes (Hanson et al., 2000; Raich 

& Schlesinger, 1992). Despite its importance, research on the subterranean 

CO2 dynamics are focused on surface soils (Davidson et al., 1998; Drewitt 

et al., 2002; Janssens et al., 2001; Longdoz et al., 2008; Subke et al., 2003), 

neglecting the deeper layers (Davidson et al., 2006; Hirano et al., 2003; 

Hirsch et al., 2004; Maier et al., 2010; Risk et al., 2002; Tang et al., 2003). 

Currently, the knowledge about the production and transport of CO2 within 

the vadose zone (between the water table and the soil surface) remains very 

vague. However, the vadose zone contains large CO2-enriched air (ca. 5% 

by volume) in the first meters (Benavente et al., 2010; Denis et al., 2005) 

and its exchange with the atmosphere can represent from 10 to 90% of total 

ecosystem CO2 emissions (Hanson et al., 2000; Sánchez-Cañete et al., 2016).  

All of these factors involving non-diffusive processes, along with the 

fact that studies generally use only the uppermost soil layer neglecting the 

subsurface, highlight the need to know the potential interaction between 

different soil layers and the atmosphere and the need to examine in a 

systemic and integrative way the CO2 dynamics of the different layers 

within the vadose zone. 

This study tries to understand the differences and similarities 

between surface and subsurface soil CO2 dynamics in two semi-arid 

ecosystems through the analysis of the CO2 molar fraction and main soil 

and environmental variables continuously measured at different soil depths 

(0.05, 0.15, 0.50 and 1.50 m) during three years (2014-2016). We attemp to 

find the differences in the CO2 sources and transport processes along the 

different layers in the vadose zone (surface soil, subsurface soil, and deep 
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soil) and how they contribute to the annual carbon dynamics. Specifically, 

we address the following questions: Do all the different layers of the vadose 

zone have the same behaviour? Is there a decoupling in the soil processes 

between layers? On the other hand, the secondary objective is to obtain 

accurate estimates of long-term soil CO2 efflux based on the gradient 

method. For that, we determined the in-situ gas transfer coefficient (𝑘௦), 

measuring the mole fraction of CO2 at two depths and the CO2 output from 

the soil using a portable camera. Finally, a 𝑘௦ model was obtained for each 

experimental site based on the porosity and water content of the soil, which 

is critical to correctly model the CO2 fluxes based on continuous 

measurements of soil CO2 concentration. 
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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 

vegetation: (1) Balsa Blanca (N36o56’26.8” W2o01’58.8″; hereinafter BB), 

and (2) Amoladeras (N36o50’5” W2o15’1″; hereinafter AM). The sites are 

located 23 km apart from each other and at 65 m (AM) and 208 m (BB) of 

altitude. The area is classified as a hot arid desert according to Köppen 

classification (BWh; Rubel & Kottek, 2010). The climate is characterized 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) when the temperature 

starts to rise and water resources have not yet become scarce (Serrano-

Ortiz et al., 2014). At our experimental sites, geological 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 densities 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 
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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 (AM) - 1.22 g cm−3 (BB)) and 

porosity is much higher (55.47 (AM) – 53.96% (BB)). The soil organic 

carbon content is 1.24 (AM) and 4.64 kg m-2 (BB). The relict degradation 

level is higher in AM (López‐Ballesteros et al., 2018; Rey et al., 2011) due 

to grazing (Alados et al., 2004).  The water table is at 50 m depth 

approximately (Junta de Andalucía, 2013). The dominant soils are classified 

as Lithic Leptosols (WRB, 2015); they are shallow (10–20 cm) and alkaline 

(pH 8.4 (AM) – 7.9 (BB)), with sandy loam texture class and carbonate 

saturated. Vegetation is dominated by Machrocloa tenacissima and other 

drought‐tolerant plant species. The rest of vegetation is composed of 

Thymus hyemalis Lange, Helianthemum almeriense, Sideritis pusilla (Lange) 

Pau, Hammada articulata, Lygeum spartum L., Salsola genistoides Juss. ex 

Poir., and Launaea lanifera Pau in AM and Chamaerops humilis, Rhamnus 

lycoides, and Pistacia lentiscus in BB. The vegetation cover varying between 

23 (AM) and 63% (BB) of the ground surface. In the soil surface there are 

patches of bare soil, sections with biological soil crusts, and exposed gravel 

and rock outcrops.  

 

2.2. EXPERIMENTAL DESIGN 
 

Vertical profiles were installed in January 2010 in BB and in July 

2013 in AM. Boreholes were done with a backhoe 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. The stabilization period was 

selected after comparing CO2 dynamics in both vertical profiles. Vertical 
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profiles measured soil CO2 molar fraction (χc; infra‐red sensor GMP‐343, 

Vaisala, Inc., Finland), soil temperature (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; heirenafter subsurface layer), and 

0.50 m and 1.50 m layers (belonging to underlying media; heirenafter deep 

layers) 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‐processing measurements 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 temperature at 1.50 m (48%) and χc at 0.50 m 

(50%) due to instrument malfunction. 

Shallower CO2 sensors were installed at the 0.05 m horizon 

(heirenafter surface layer), in June 2011 in BB and in June 2012 in AM. The 

sensors were installed vertically with an in-soil adapter (GMM-222, 

Vaisala, Inc., Finland) to avoid water entering. Vaisala sensors were 

configured to obtain the CO2 molar fraction at 25 °C and 101.3 kPa and 

later corrected for variations in temperature and pressure. Soil moistures 

were monitored using water content reflectometer (TDR, CS616, Campbell 

Scientific, Logan, UT, USA).  Subsurface temperatures were monitored 

using thermistors (107, Campbell Scientific, Logan, UT, USA). All 

measurements were made every 30 s and stored as 30 min averages in a 

data- logger (CR3000 and CR1000, Campbell Scientific, Logan, UT, USA; 



RESULTS - CHAPTER 2 
 
 

93 
 

respectively for AM and BB). Missing data for all meteorological variables 

in both sites corresponded to <15% in AM and <20% in BB per the entire 

period except in BB for VWC (46%) due to instrument malfunction during 

the last months. 

At both experimental sites, an eddy covariance tower were installed 

to measure densities of CO2 as well as barometric pressure (p; open‐path 

infrared gas analyzer Li‐Cor 7500, Lincoln, NE, USA). The net ecosystem 

carbon balances (NEE) were estimated by integrating the half-hourly CO2 

fluxes calculated and processed with EddyPro 5.1.1 software (Li-Cor, Inc., 

USA). Wind speed and sonic temperature were measured by a three-axis 

sonic anemometer (CSAT-3; Campbell Scientific, Logan, UT, USA; 

hereafter CSI). The friction velocity (u*) was determined as the turbulent 

velocity scale resulting from square root of the (density-normalized) 

momentum flux magnitude (Stull, 1988). Furthermore, meteorological 

measurements of net radiation (NR Lite, Kipp&Zonen, Delft, Netherlands), 

air temperature and air relative humidity (HMP35‐C, Campbell Scientific, 

Logan, UT, USA) and rainfall (745 M, Davis Instruments Corp., Hayward, 

CA, USA) were acquired since 2009. Meteorological data were recorded as 

30 min averages by a data logger (CR3000 and CR10X, 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 sites 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 
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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 AM, R2 > 0.5). Atmospheric pressure gaps 

where filled using a simple regression with measurements from the other 

experimental site (R2 > 0.96). The rain pulse events non-detected due to 

instrument malfunction where filled using data the meteorological station 

from the Almeria airport (15 km from AM and 40 km from BB). 

We used wavelet analysis to explore the spectral properties of the 

times series χc, p, u*, Tsoil and VWC during three years. The wavelet 

analysis is a powerful tool to examinate one time series in the time and 

frequency domain for visual interpretation or two time series together that 

may be expected to be linked in some way (Cazelles et al., 2008; Govindan 

et al., 2005 Grinsted et al., 2004; Torrence & Compo, 1998). Specifically, we 

used the continuous wavelet transform (CWT) to describe the temporal 

variability of χc and the presence of rain pulses and the partial wavelet 

coherence analysis (WCA) to describe the temporal variability, explore the 

spectral properties and investigate the temporal correlations between χc, p, 

u*, Tsoil and VWC. We calculated the CWT and WCA with statistical 

significance (p < 0.05) and using the Morlet wavelet as a mother function 

(Torrence & Compo, 1998). The WCA between χc and p, u*, Tsoil and VWC 

was computed using 1000 Monte Carlo simulations. All-time series were 

analyzed using a 1‐hour time step. Areas with black contour lines represent 

a high significant temporal correlation with 5% significance level. WCA 

ranges between 0 and 1, where 1 indicates the highest temporal correlation 

(and 0 for no correlation) between variables (Vargas et al., 2012, 2018; Xu 

et al., 2014). In addition, arrows show the phase‐locked angle relationship 

between both time series (Govindan et al., 2005; Grinsted et al., 2004; Xu 
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et al., 2014). All data analyses were performed using MATLAB R2017a 

(MathWorks, Natick, Massachusetts, USA). 

 

2.4 FLUX CALCULATION  
 

The soil CO2 efflux (Fs) was determined using the gradient method 

(Maier & Schack-Kirchner, 2014; Sanchez-Cañete & Kowalski, 2014). Soil 

CO2 efflux (Fs) was calculated assuming that all transport is due to diffusion 

as: 

𝐹௦ =  −𝑘௦𝜌௔
ௗఞ೎

ௗ௭
 (eq. 1) 

where 𝐹௦ is the upward gas flux (µmol CO2 m−2 s−1), 𝑘௦ is the soil CO2 

transfer coefficient (m2 s−1), 𝜌௔ the mean air molar density (µmol m−3) and 

𝑑𝜒௖/𝑑𝑧 is the vertical CO2 molar fraction gradient (ppm m−1). The CO2 

gradient was calculated using the difference between the mean atmospheric 

CO2 molar fraction and the value of the soil CO2 sensors at 5 cm depth. The 

CO2 molar fraction was corrected for variations in temperature and 

pressure. The air density (𝜌௔) was obtained from the ideal gas law. The 

empirical 𝑘௦ is equal to the soil CO2 diffusion coefficient in absence of 

production/consumption processes in the monitored layer. It depends not 

only on diffusion but also can vary with production/consumption processes 

in the layer (Sánchez-Cañete et al.; 2017), in our case from 0 to 5 cm. The 

transfer coefficient 𝑘௦ is obtained from the flux-gradient relationship 

proposed by Roland et al., (2015): 

𝑘௦ =
ி೎೓ೌ೘್  ௗ೥

ఘೌ ௗഖ೎
              (eq. 2) 
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where in our study 𝐹௖௛௔௠௕  was measured by a portable soil CO2 flux 

chamber (EGM-4; PP-systems, Hitchin, UK) during 14 campaigns in BB 

and 11 campaigns in AM at differing values of soil water content. These 

measurements were performed between November 2013 and May 2014 in 

BB and from April 2016 to October 2016 in AM.  𝐹௖௛௔௠௕௘௥  measurements 

were always performed between 8:00 and 10:00 (solar time) in AM and 

between 11:00 and 16:00 in BB. For each measurement of soil CO2 effluxes 

(Fs), the soil chamber was placed on a PVC collar (5 cm height, 10.5 cm 

diameter) previously inserted in the soil, leaving 2–3 cm above ground. The 

chamber system was configured to store temperature, relative humidity, 

CO2, and pressure every 3 s during 120 s. The Fs were estimated from the 

initial slopes of CO2 molar fractions of the confined air versus time, by using 

either linear or quadratic regression (Kutzbach et al., 2007; Pérez-Priego et 

al., 2010; Wagner et al., 1997) for the best regression fit. The raw values of 

CO2 molar fraction were previously corrected for dilution (Hubb, 2012) 

from CO2 molar fractions referred to wet air. Finally, the flux density was 

calculated using the ideal gas equation as explained by Pérez-Priego et al., 

(2015). The chamber fluxes were estimated as: 

𝐹௖௛௔௠௕ =
ௗఞ೎

ௗ೟
 
௏

ௌ
 
௉బ (ଵି௪బ)

ோ బ்
             (eq. 3) 

where 𝐹௖௛௔௠௕௘௥ is the soil CO2 efflux (μmol m-2 s-1) derived from the 

chamber system, 𝑑𝜒௖/𝑑௧ is the initial rate of change in CO2 molar fraction 

referenced to dry air (μmol mol-1 s-1), 𝑉 is the total volume (chamber+ 

collar, m3), 𝑆 is the projected surface area (m2), 𝑃଴  is the initial atmospheric 

pressure (Pa), 𝑤଴ is the initial water vapor mole fraction (mol mol-1), 𝑅 is 

the universal gas constant (8.314, m3 Pa K-1 mol-1), and  𝑇଴ is the initial air 

temperature (K). Therefore, knowing 𝐹௖௛௔௠௕௘௥ and applying equation (2), 
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we obtain the soil CO2 transfer coefficient (𝑘௦). To model 𝑘௦ , it was fit using 

a power function against soil tortuosity (ξ): 

௞ೞ

஽ೌ
= 𝑎 ξ ௕          (eq. 4) 

where 𝐷௔ is the diffusion coefficient of the CO2 in free air, calculated 

according to Jones (1992), and ξ is obtained as the soil porosity (φ ,cm3 cm-

3) minus the soil water content (θ, cm3 cm-3) and the coefficients a and b 

were obtained by least squares regression. Finally, we used our calculated 

soil CO2 transfer coefficient (𝑘௦) to estimate soil CO2 fluxes during whole 

the period using the equation (1). 

In this chapter positive values of Fs denote a CO2 release to the 

atmosphere in consistency with NEE measurements. 
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3. RESULTS  
 

 

3.1 ENVIRONMENTAL DESCRIPTION 

 
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 (Figure 1). 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 (Figure 5). Total amount of rainfall corresponding to rain pulses 

is highly variable. Although the more common are the low-magnitude rain 

pulses (i.e., <10 mm), several high magnitude rain pulses could fall yearly. 

It’s remarkable the rain pulse event occurred on December in 2016, when 

the typical total amount of rainfall fallen corresponded to a typical annual 

value. 

Seasonal and annual patterns of atmospheric pressure (p), volumetric 

water content (VWC), soil temperature (Tsoil) and precipitation are shown 

for both experimental sites in Figure 1. Absolute p in AM (65 m in altitude) 

is greater than in BB (208 m in altitude) by about 2 kPa. Fluctuations in p 

were 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 (0.05 m) with values 

ranging between 9 °C and 38 °C in AM, versus 6 °C and 40 °C in BB. With 

a slight decrease in the amplitude of daily fluctuations in comparison with 
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the shallower layer, Tsoil was very similar at 0.15 m and 0.50 m in both 

ecosystems. At 1.50 m the lowest range of variation 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). 

 

 

Figure 1. Daily‐averaged values of atmospheric pressure, daily precipitation, 

volumetric water content (VWC) at 0.05 m (dotted lines) and 0.50 m (solid lines) 

and soil temperature (Tsoil) at soil depths of 0.05m (dashed and doted lines), 0.15 m 

(solid lines), 0.50 m (dotted lines) and 1.50 m (dashed lines) during the study period 

(January 2014–December 2016) in Amoladeras (a) and Balsa Blanca (b) 

experimental sites. Gray lines represent gaps in the time series. 
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Figure 2. Daily‐averaged and 10‐day mean values of soil CO2 molar fraction (χc) 

at 0.05m, 0.15 m, 0.50 m and 1.50 m depth during the study period (January 

2014–December 2016) in Amoladeras (a) and Balsa Blanca (b) experimental sites. 

Gray lines represent gaps in the time series. 

 

Finally, precipitation events conditioned the VWC dynamic at annual 

and seasonal scale. The annual mean VWC at 0.50 m 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 coinciding with local storms. 

With small precipitation events, the slow water infiltration only permeates 

into soil surface (0.05 m) and the soil subsurface (0.15 m) layers. During a 

large precipitation event or events of intense rain (>15 mm) water could 
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descend up to 1.5 m in the same day (data not shown). Depending if the 

rainfall is produced during growing or dry season, differences in the 

increment rate of the volumetric water content were found in BB at 0.50 m. 

During dry season, less water could permeate at 0.50 m and it required a 

longer time to recovery the VWC pre-rainfall levels. However, during 

growing season the infiltration depth was higher and a homogeneous 

distribution of VWC across the soil profile was produced. 

  

3.2 DYNAMICS OF SOIL CO2 MOLAR FRACTION 

AT ANNUAL AND SEASONAL SCALE 

 

Soil CO2 showed a clear vertical profile with higher concentration at 

depth, and similar means over the three years (Figure 2). The year with the 

highest χc was 2015 with an annual average across the subsurface (0.15 m) 

and deep (0.5 m and 1.5 m) soil depths of 1558 ± 429 ppm in AM and 1161 

± 329 ppm in BB. At surface (0.05 m), the year with the highest χc was 2016 

in AM with an annual average of 515 ± 303 ppm, and 2015 in BB with an 

annual average of 671 ± 334 ppm.  

The χc at surface soil showed a clear irregular pattern influenced by 

rain pulses. At deep soil, the χc showed clear annual patterns with maxima 

in summer and minima in winter. At subsurface soil (0.15 m), the χc patterns 

were more regular throughout the year. The χc showed annual patterns 

with maxima in summer and minima in winter but also with peaks related 

with days with high precipitation events. Generally, BB had higher CO2 

concentrations in the surface soil and AM in the subsurface soil and deep 

soil. For example, χc at 1.50 m had an annual average of 2029 ± 113 ppm in 
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AM and 1268 ± 154 ppm in BB. AM also showed higher variability in the 

subsurface and deep soil, particularly at 0.15 m (Figure 2).  

 

Figure 3. Average half-hour time series of friction velocity (u*), net ecosystem 

exchange (NEE), CO2 fluxes at 0.05m (Fs), net radiation (Rn) atmospheric pressure 

and soil CO2 molar fraction (χc) at 0.05m, 0.15 m, 0.50 m and 1.50 m depth during 

nine consecutive days (15/08/2015-23/8/2015) in Amoladeras (a) and Balsa 

Blanca (b) experimental sites. 
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Figure 4. Average half-hour time series of atmospheric pressure (kPa), 

precipitation, volumetric water content at 0.05 m, 0.15 m and 0.50 m (VWC) and 

soil CO2 molar fraction (χc) at 0.05m, 0.15 m, 0.50 m and 1.50 m depth in 

Amoladeras (a) and Balsa Blanca (b) experimental sites during the periods 

01/10/2015-10/11/2015 in AM and 20/08/2015-19/09/2015 in BB when a 

rain pulse occurred. 
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3.3 DYNAMICS OF SOIL CO2 MOLAR FRACTION 

AT DAILY AND SYNOPTIC SCALE 
 

During the whole study period, we detected a daily pattern in u*, Rn, 

NEE, Fs and χc at surface. The χc daily pattern remains during pulse 

precipitation when soil respiration increases (Figures 3 and 4). Precipitation 

events in our experimental sites are produced during the first rains after 

the dry season (September–October; Figure 4) or after a big rain event 

(>15mm). During this intense or large rain events, χc increases sharply after 

watering and returns to similar previous values of χc progressively over 

several days (Figure 4).  When precipitation events occur, χc at 0.05 m can 

raise up to 1500 ppm during periods of less than 12 hours (e.g. September 

6 th; Figure 4). 

At subsurface and deep soil, there was a sub‐daily and synoptic 

pattern (from 3 to 8 days approximately) in p and χc, even during the first 

precipitation events at the end of the dry season, with inverse correlation 

between both variables (Figure 3). 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. At 0.15 m, only large rain events (>15 mm) triggered a χc 

increase in the daily pattern that also correlated with p variations. 

Regarding χc, daily fluctuations up to 2000 ppm CO2 occurred during 

periods of less than 6 hours (e.g. August 17th; Figure 3). At all depths, χc 

was generally higher in AM (Figures 2, 3 and 4). On the other hand, χc 

showed similar values at 0.50 m and 1.50 m in BB (Figures 3 and 4), while 

in AM an increment in χc with depth was more evident.   
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Figure 5. Time series of half-hour values of soil CO2 efflux in the horizontal 

profile at 0.05 m in Amoladeras (left) and Balsa Blanca (right) experimental sites 

during years 2014-2016. Brown areas denotes carbon uptake while yellow to blue 

areas denotes carbon release. 
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Figure 6. Daily‐averaged values of soil CO2 efflux (Fs) at 0.05 m depth, daily 

precipitation and cumulative precipitation in Amoladeras (a) and Balsa Blanca (b) 

experimental sites during the study period (January 2014–December 2016). 

Negative values denote carbon uptake by the soil, and a positive value denotes a 

carbon emission to the atmosphere. 

 

Figure 7. Box-and-whisker plots of soil CO2 efflux (Fs) at 0.05 m during twelve 

consecutives days with a rain pulse starting in day 4 in Amoladeras (a) and Balsa 

Blanca (b) experimental sites. The periods on the figures are 16/10/2015-

27/10/2015 in AM and 03/09/2015-14/09/2015 in BB.   
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A negative value denotes carbon uptake by the soil, and a positive 

value denotes a carbon source into the atmosphere. Blue bars denote 

precipitation events and the quantity of rainfall is indicated on the top of 

the figures. The middle line of box plot indicates the median; the upper and 

lower box bounds are the 25th and 75th percentiles. The error bars mark the 

5th and 95th percentiles of the distributions. 

 

3.4 SOIL FLUX DESCRIPTION 
 

The empirical transfer model (𝑘௦) obtained for our experimental sites 

can be written as: 

𝑘௦ =  𝐷௔ [0.0011 (φ − θ)]ଶ − 0.0044(φ − θ) + 0.4611 ; for AM (eq. 6) 

𝑘௦ =  𝐷௔ [1.9870 (φ − θ)]ଶ − 0.7892 (φ − θ) + 0.4714 ; for BB (eq. 7) 

 

The empirical transfer models showed a R2 = 0.39 and R2 = 0.41 and 

RMSE = 0.007 and RMSE = 0.044 for AM and BB respectively.  

Soil CO2 effluxes (Fs) at 0.05m showed a clear annual irregular 

pattern influenced by rain pulse events (Figures 6 and 7). At daily scale, we 

detected a daily pattern in soil flux that correlates with χc at 0.05m, u* and 

Rn. In general Fs was higher in BB (Figures 5 and 6). During most of the 

year, the fluxes were positives denoting carbon release to the atmosphere. 

However, several periods were found with negative values (carbon uptake 

by the soil) during night between March and July in AM and BB where 

nocturnal carbon uptake was around - 0.5 μmolCO2 m-2 s-1. Was in AM 

when more periods with negative nocturnal fluxes were found. On average 

daily Fs was 0.66 ± 1.26 μmolCO2 m-2 s-1 in AM and 1.07 ± 1.57 μmolCO2 
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m-2 s-1 in BB. In periods not affected by rain pulses, minimum values were 

close to 0.3 μmolCO2 m-2 s-1 and maximum values were around 1-2 

μmolCO2 m-2 s-1 in AM and 2-3 μmolCO2 m-2 s-1 in BB.  However, 

immediately after the first rains after the dry season (September–October; 

Figure 6), or after a big rain event (>15 mm), the Fs increased quickly up to 

8 μmolCO2 m-2 s-1 in AM and 10 μmolCO2 m-2 s-1 in BB and returns to 

similar previous values progressively over several days ( ̴ 8 days; Figure 6). 

The annual cumulative CO2 release was positive in AM and BB for the 

whole study period. The year with the highest cumulative Fs was 2015 with 

an annual emission of 310 g C m−2 year−1 in AM and 564 g C m−2 year−1 in 

BB. Emissions during 2014 and 2016 was respectively in AM 146 and 300 

g C m−2 year−1, and in BB, 284 and 368 g C m−2 year−1. Comparison between 

Fs and NEE is shown in Table 1. 

 
Soil efflux (g C m−2 year−1) 

NEE (g C m−2 year−1) 

2014 2015 2016 

AMOLADERAS 146 310 300 196 ± 40 (2009-2015; López-

Ballesteros et al., 2018) 

BALSA 

BLANCA 
284 564 368 

100 ± 40 (2006-2009; Rey et al., 

2012) 

−23 ± 20 (2009-2015; López-

Ballesteros et al., 2018) 

 

Table 1. Comparison between Net Ecosystem Exchange (NEE) published and 

soil efflux during the study period in Amoladeras and Balsa Blanca experimental 

sites. 
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3.5 WAVELET ANALYSIS 
 

We used the continuous wavelet transform (CWT) to explore the 

spectral characteristics of χc and VWC at different depths by decomposing 

into time–frequency space. With this technique we can describe the 

temporal variability of χc and VWC and how they vary in time. The areas 

(green, yellow and dark red respectively from low to high power values) 

inside the contour lines represent the dominant modes of variability with 

statistical significance (p < 0.05). Results in VWC and χc at 0.05 m shows a 

high power in the one-day band in almost all the period of study in BB and 

during the dry season in AM. Furthermore, the different precipitation 

events had different spectral signatures in the temporal correlation in both 

VWC and χc. The VWC have high power between a time-period of 1-to 30-

days when some precipitation events occur. This pattern was observed in 

the χc continuous wavelet power spectra between a time-period of 1 to 8-

days. This relation changes in depth because although precipitation events 

had effect in the VWC wavelet power, these peaks are barely reflected in 

the the spectral signature of the χc wavelet at the subsurface soil (0.15 m). 

Only the successional precipitation events occurred during December 2016 

(>163 mm from DOY 1069 to 1096) had a spectral signature in χc in the 

32-days days period in both BB and AM, and the precipitation events of 

DOY 448 (March 24th 2015, 24 mm) and DOY 616 (September 8th 2015, 

18.5 mm) had a spectral signature of 8 to 64-days and 32-days respectively 

in BB. Finally, at the deep soil (0.50 m), changes in VWC only had effect on 

χc at annual scale considering the commonalities features in the wavelet 

power spectral signature. 
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Figure 8. Continuous wavelet power spectra using the continuous wavelet transform of soil water content (VWC) and soil CO2 molar 

fraction (χc) at three depths: 0.05 m (shallow), 0.15 m (interphase) and 0.50 m (deep) in Balsa Blanca and Amoladeras experimental 

sites during three years (2014-2015-2016). The color codes for power values are from yellow (low values) to dark red (high values). 

Black contour lines represent the 5% significance level and the shaded area indicates the cone of influence that delimits the region not 

influenced by edge effects.  
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We used wavelet coherence analysis (WCA) to describe the temporal 

variability and test the temporal correlation between χc and ancillary 

variables related with biotic (Tsoil and VWC) and abiotic (p and u*) processes 

in BB and AM (Figure 9). The yellow areas inside the contour lines 

represent high local temporal correlation between both series at one specific 

scale with statistical significance (p < 0.05). The analysis in the surface layer 

(0.05 m) show that χc had a strong temporal correlation with the ancillary 

variables related with biotic processes (Tsoil and VWC) at periodicities 

ranging from 0.5 day to ~1.5 days throughout the study period in AM in 

BB. There were also significant temporal correlations at higher periods 

related with precipitation events in both Tsoil and VWC. This is especially 

relevant in the case of VWC, where precipitation events produce that the 

temporal influence of VWC on χc overrides the influence of Tsoil, p and u*. 

This temporal influence, from ~8 until ~60 days, was determined by the 

type of precipitation event. It was also remarkable, how the effect of Tsoil at 

monthly, seasonal (> 128-days) and annual scale (> 256-days) was much 

more relevant in 2016, especially in AM. In relation with the variables 

related with abiotic processes (p and u*), it was appreciable a daily and an 

annual temporal coherence more constant for BB than for AM. The 

temporal correlation between χc and u* was higher and appreciable from a 

lower temporal scale (0.5~0.75) that the temporal correlation between χc 

and p. The effect of Tsoil and VWC above χc was higher in BB, the ecosystem 

with the lower degradation status.  

The causality relation of Tsoil, VWC and u* forcing variations in χc, 

was reduced with depth. The analysis in the interphase layer (0.15 m) 

shown strong spectral coherence between variations of Tsoil or VWC and 

changes in χc at daily scale. However, this temporal correlation at daily scale 

was perfectly correlated in BB while in AM was less extensive and weaker 

in some periods, with both variables particularly correlated during dry 
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season. By other side, in BB there was a strong spectral coherence between 

variations of Tsoil or VWC and changes in χc at seasonal (> 128-days) and 

annual scale (> 256-days), while in AM, was only appreciable and weaker 

in VWC. In relation with the abiotic variables, there was a daily strong 

spectral coherence in AM between u* and χc. In BB this effect was also 

appreciable at daily and annual scale. Finally, the WCA shown that the 

temporal influence of p on χc overrides the influence of Tsoil, VWC and u*. 

At 0.15 m, p had a strong temporal correlation with χc at periodicities 

ranging from 0.5 day to ~30 days throughout the study period in AM in 

BB. This effect was weaker in BB, but also appreciable at seasonal and 

annual scale. 

The analysis in the deep layer (1.50 m) was similar to the analysis in 

the interphase layer (0.15 m) with slightly differences between them. 

Variables Tsoil, VWC and u* shows strong spectral coherence with χc at 

annual scale, while the daily correlation was not significant (was not a 

reliable indication of causality) but presented in the wavelet. Probably, 

these extensive significant regions were very unlikely that this was simply 

by chance. By other side, the temporal correlation between p and χc was 

stronger and appreciable throughout all the study period at periodicities 

ranging from 0.5 day to ~30 days (daily, synoptic and monthly scale), and 

also at annual scale (> 256-days) in BB and AM. The WCA shown also that 

the temporal influence of p on χc overrides the influence of Tsoil, VWC and 

u*. 
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Figure 9. Average 1-hour wavelet coherence analysis (WCA) to test the influence 

of soil water content (VWC), soil temperature (Tsoil), atmospheric pressure (p) and 

friction velocity (u*) on soil CO2 molar fraction at three depths: 0.05 m (shallow), 

0.15m (interphase) and 1.50 m (deep) in Amoladeras and Balsa Blanca 

experimental sites during three years (2014-2015-2016). Yellow areas with black 

contour lines represent a high significant temporal correlation with 5% significance 

level. Values ranges between 0 and 1, where 1 indicates the highest temporal 

correlation (and 0 for no correlation) between variables. Shaded area represents the 

cone of influence, where correlation is not influenced by edge effects.  
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4. DISCUSSION 
 

Through the analysis of edaphic variables at different soil depths 

forming the vadose zone surface, subsurface and deep soil together with the 

analysis of ancillary environmental variables, a decoupling in the soil CO2 

dynamic at different soil depths was found. How biotic and abiotic factors 

dominate the CO2 dynamic and transport processes along the soil surface 

and the rest of the vadose zone is described below. 

In the surface layer (0.05 m), the wavelet analysis show χc had a 

strong temporal correlation with the ancillary variables related with biotic 

processes (Tsoil and VWC) at periodicities ranging from 0.5 day to ~1.5 days 

throughout the study period in AM in BB. This behaviour was supported 

by the well-known strong relation between soil CO2 production from 

autotrophic (plants) and heterotrophic (microbes) biological sources with 

water availability in water-limited ecosystems (Curiel Yuste et al., 2007). 

The temporal influence of soil moisture in the soil surface layer 

overshadows the influence of Tsoil and dominated the soil CO2 dynamic 

(Figure 9). The presence of precipitation events had larger implications for 

the temporal influence of VWC and Tsoil on χc at scales ranging from ~8 up 

to ~64-days, but also at seasonal (> 128-days) and annual scales (> 256-

days). This supports the fact that temperature was only relevant in these 

ecosystems when the most limiting factor, the soil moisture, was available 

for metabolic processes (Leon et al., 2014; Almagro et al., 2009). E.g. during 

the rainiest year with lower soil moisture variability and lower water stress, 

the Tsoil temporal influence was appreciable at higher temporal scales 

(monthly, seasonal and annual scale) much more that during 2014 and 2015, 

especially in AM.  

The CWT analyses demonstrate that the temporal influences of 

VWC on χc determined by the type of precipitation event. It can be seen as 
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differences in the spectral signature of χc in the surface layer and subsurface 

layer derived for the different precipitation events (Figure 8). Results in 

VWC and χc at 0.05 m showed a high power in the one-day band in almost 

all the period of study in BB and during the dry season in AM. Furthermore, 

when some precipitation events occurred, the VWC had high power 

between a time-period of 1-to 30-days that were as well observed in the χc 

continuous wavelet power spectra at 0.05 m between a time-period of 1 to 

8-days. This clearly common features in the wavelet power of the two-time 

series denoted a causality between χc and VWC. According to previous 

studies, the magnitude of the effect of each rain pulse was conditioned by 

the antecedent soil moisture (Almagro et al., 2009; Ogle et al., 2015; Shen 

et al., 2008), precipitation magnitude (Huxman et al., 2004; Potts et al., 

2006), and the available organic matter supply for microbial respiration 

previously broken down by photodegradation (Austin & Vivanco 2006; Ma 

et al., 2012). Our results support the paradigm that the distribution and 

intensity of precipitation pulses influenced annual Fs. This relation changes 

in depth because although precipitation events had effect in the VWC 

wavelet power, these peaks were barely reflected in the the spectral 

signature of the χc wavelet at the subsurface soil. Only the successional 

precipitation events occurred during December 2016 (>163 mm from DOY 

1069 to 1096) during March 24th 2015 (24 mm) and September 8th 2015 

(18.5 mm) had effects on χc at 0.15 m. Thus, only large rain events (>15 

mm) triggered a χc increase in the daily pattern at the subsurface soil (0.15 

m; Cuezva et al., 2011; Jassal et al., 2005). These large events supposed the 

5% of occurrence in AM and the 6% in BB during the period of study. 

As was commented previously, depending on the timing, a small rain 

event could liberate more CO2 than a subsequent large rain event (Xu & 

Baldocchi, 2004). The precipitation pulses at the beginning of each growing 

season for 2015 (i.e., September–October) were showed in figures 4 and 7. 
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They used to be large precipitation events (>15 mm; López-Ballesteros et 

al., 2017) but also small precipitation events (Rey et al., 2017; Schwinning 

& Sala, 2004) and were very relevant at ecosystem scale (Hastings et al., 

2005; Huxman et al., 2004; Reynolds et al., 2004; Vargas et al., 2012). These 

events were the first rains after a long drought and mark the transition 

phase between dry and growing season in Mediterranean ecosystems 

(Cleverly et al., 2013; Lázaro et al., 2001). In our ecosystems, they resulted 

in an abrupt Fs increasing (up to 8 μmolCO2 m-2 s-1 in AM and 10 μmolCO2 

m-2 s-1 in BB) followed by a prolonged exponential decay as the soil dries 

(Huxman et al., 2004; Jarvis et al., 2007; Xu & Baldocchi, 2004) between a 

time-period of 1-up to 16-days in AM and 1 up to 8-days in BB (figures 4 

and 7). This effect on Fs has been attributed to the Birch effect (Birch, 1958; 

Jarvis et al., 2007). Affected by the precipitation event, litter that 

experienced antecedent photodegradation was rapidly dissolved by water 

and available for re-hydrated dormant microbes which tended to enhance 

respiration pulses (Ma et al., 2012). Soil microbial activity can be initiated 

within minutes of rewetting (García-Pichel & Belnap, 1996) breaking down 

the soil micro-aggregates that protect soil organic carbon, and stimulating 

their growth, metabolic activity, and reproduction  (Austin & Ballaré, 2010; 

Austin & Vivanco, 2006; Brandt et al., 2009). The progressive decline of Fs, 

after the first peak following a rain pulse, was related to the depletion of 

water in soil pores as well as the reduction in soil labile organic matter 

(Huxman et al., 2004; Jarvis et al., 2007; Xu & Baldocchi, 2004). In addition 

to these biotic mechanisms, precipitation in semiarid and arid ecosystems 

has been shown to release the CO2 bound to soil carbonates (Emmerich, 

2003), and the infiltration of rainwater may displace CO2 that accumulates 

in soil pore spaces during dry periods (Huxman et al., 2004). 

Correlations between soil χc and p or u* through the different soil 

layers showed in the WCA demonstrates the presence of abiotic non-
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diffusive transport processes in the vadose zone CO2 dynamic. The 

processes related with non-diffusive transport are pressure pumping 

(Massman et al., 1997; Mohr, et al., 2016; Roland et al., 2015), pressure tides 

(Clements & Wilkening, 1974; Kimball & Lemon, 1970; Glaser et al., 2004; 

Comas et al., 2011) and subterranean ventilation (Kowalski et al., 2008; 

Serrano-Ortiz et al., 2010). The wind velocity (or friction velocity) is the 

main trigger of ventilation (Flechard et al., 2007; Maier et al., 2010; Redeker 

et al., 2015), while changes in p is the main trigger of pressure pumping 

(Mohr et al., 2016; Takle et al., 2004) and pressure tides (Moya et al., 2019; 

Kuang et al., 2013; Le Blancq, 2011). At surface, during the whole study 

period, we detected a daily pattern in u*, Rn, NEE, Fs and χc at surface layer. 

Figure 3 shows this daily pattern during nine consecutive days 

(15/08/2015-23/8/2015) during dry season in BB and AM. The positive 

fluxes observed in NEE were similar to the pattern described during 

ventilation events (Kowaski et al., 2008; Sánchez-Cañete et al.,2011): daily 

emissions at ecosystem scale during daytime, related with u* and in some 

way also with Rn, both, important variables that triggers turbulence (Ganot 

et al., 2014; López-Ballesteros et al., 2017). Furthermore, ventilation events 

had been detected in the past in the experimental sites of BB (Rey et al., 

2012) and AM (López-Ballesteros et al., 2017), with AM having the higher 

ventilation potential (López‐Ballesteros et al., 2018).  

These non-diffusive processes had different influence on χc through 

the different soil layers. The effect of biologic factors and u* diminished with 

depth while the causality relation of p forcing variations in χc incresed 

(Figure 9). At surface, the temporal correlation between χc and u* was 

higher and appreciable from a lower temporal scale (0.5~0.75) that the 

temporal correlation between χc and p. At 0.15 m the WCA showed that the 

temporal influence of p on χc overrides the influence of Tsoil, VWC and u*. 

At deep profile the influence of Tsoil, VWC and u* was only relevant at 
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annual scale while p had a strong temporal correlation with χc at 

periodicities ranging from 0.5 day to ~30 days throughout the study period 

at 0.15 m, and also at annual scale (> 256-days) at 1.50 m. In the same way, 

pressure tides are demonstrated that are produced at different low 

frequency scales implicating clear semidiurnal (Lindzen, 1979; Sánchez-

Cañete et al., 2013a), diurnal (Kimball & Lemon, 1970; Le Blancq, 2011), 

synoptic (from 3 to 8 days; Auer et al., 1996; Clements & Wilkening, 1974; 

Elberling et al., 1998; Sánchez-Cañete, et al., 2013), quasi-monthly and 

monthly (Guoqing, 2005; Moya et al., 2019) temporal coherence. Sub‐daily 

and synoptic patterns (from 3 to 8 days approximately) in p and χc at 

surbsurface and deep soil were shown in figure 3. Changes in p induced daily 

fluctuations in χc up to 2000 ppm CO2 occurred during periods of less than 

6 hours (e.g. August 17th; Figure 3). Changes in p conditions induced the 

expansion or contraction of the air stored in soil pores within the vadose 

zone. Pressure fluctuations penetrated deep into the soil vertical profile and 

the soil air expanded upward in conditions of falling p or is compressed 

downward under rising p (Redeker et al., 2015; Sánchez-Cañete et al., 

2013a). The p influence was stronger in the deepest layer (Figure 8), where 

χc was higher and there was a lower influence of Tsoil and VWC. 

In the scientific literature there is a large variety of denominations 

associated to the non-diffusive transport processes: e.g. atmospheric or 

barometric pressure effect (Clements & Wilkening 1974; Elberling, 1998); 

atmospheric pumping (Nilson et al; 1991) or wind pumping (Fukuda, 1955; 

Weeks, 1994). This existing denomination heterogeneity is associated with 

the unclear distinction between pressure pumping, pressure tides and 

subterranean ventilation processes. Some authors have shown a positive 

relationship between pressure pumping and ventilation (Mohr et al., 2016; 

Nachshon et al., 2012; Redeker et al., 2015), due to the correlation presented 

between  pressure fluctuations at high frequencies (e.g. 0.1 Hz) and wind 
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speed (Maier et al., 2010; Redeker et al., 2015; Takle et al., 2004). In 

contrast, pressure tides or atmospheric tides has been addressed as 

oscillations produced at low frequency scales (Kuang et al., 2013; Le Blancq, 

2011; Lindzen, 1979; Massmann & Farrier, 1992). By other side, although 

pressure tides penetrate deep (>>10 m; Auer et al., 1996; Elberling et al., 

1998) into the soil vertical profile with very little attenuation (Maier et al., 

2010; Massmann & Farrier, 1992; Takle et al., 2004), the wind-induced gas 

transport produced by high‐frequency pressure fluctuations, could 

penetrate up to 0.50 m in deep soil (Flechard et al., 2007; Nachson et al., 

2012; Takle et al., 2004;), but are known to undergo strong attenuation with 

soil depth (Massman et al., 1997; Redeker et al., 2015; Takle et al., 2004). 

This is especially relevant in the artificially models e.g. Pourbakhtiar et al., 

(2017) established the critical depth of attenuation between 0.15 and 0.25 

m layer applying a multi-dimensional gas transport model. Probably, 

pressure tides are produced in the sub-surface at low frequencies by large‐

scale atmospheric dynamics, while pressure pumping and ventilation are 

produced at high frequencies and limited to the shallower layer. This 

different capacity of permeability could create a possible decoupling 

between the surface layer, affected by ventilation, pressure pumping and 

pressure tides; and deeper layers that would be affected only by pressure 

tides. The subsurface layer would act as an interphase and being affected by 

pressure tides, pressure pumping and ventilation. This assumption could 

explain the different influence of u* and p on χc in the WCA through the 

different soil layers. 

The decoupling found, would imply functional differences at 

ecosystem scale between this non-diffusive transport processes. Our 

measurements suggest that atmospheric pressure fluctuations cause 

continuous changes in the CO2 storage and the vertical transport (Comas 

et al., 2011; Glaser et al., 2004), showing significant seasonal, daily and 
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monthly patterns of variation (Redeker et al., 2015; Sánchez-Cañete., 2013). 

But it is important to note that there are no evidences that changes detected 

in the amount of CO2 storage in the different soil layers provokes the release 

of this greenhouse gas to the atmosphere. However, ventilation is related 

with the CO2 flux emissions detected at ecosystem level in our experimental 

sites (López-Ballesteros et al., 2018; Sánchez-Cañete et al., 2013a). This 

would imply that CO2 transported between layers driven by pressure tides 

not produce directly changes in the net carbon balance in the ecosystem. In 

contrast, adventive transport driven by wind, induced CO2 emission in the 

soil surface (Bowling & Massman, 2011; Kowalski et al. 2008; Takle et al., 

2004). However, considering the WCA, pressure tides would contributes 

transporting vertically from deeper layers part of the CO2 emitted later by 

pressure pumping and ventilation. Vertical transport produced by pressure 

tides, would explain the no detection of a decreasing concentration of χc at 

the surface layer found in other ecosystems (Hirsch et al., 2004; Sánchez-

Cañete et al., 2011) during ventilation events. 

A precise value for the diffusion coefficient has critical importance 

when using Fick’s law to estimate soil CO2 efflux from soil CO2 

concentrations (Laemmel et al., 2017; Roland et al., 2015). Potential effects 

of non-diffusive transport processes are not considered in the tradicionally 

soil respiration models. Experiments comparing in situ measurement 

methods and respiration ex situ models have demonstrated substantial 

deviation between observed and modeled diffusivities with soil carbon 

effluxes exceeeding the diffusion fluxes calculated by the gradient method 

up to 40% (Bowling & Massman, 2011; Massman et al., 1995), from 20 to 

60-70% (Clements & Wilkening; 1974; Pourbakhtiar et al., 2017); by a 

factor of 2-4 (Kimball & Lemon; 1970; Maier et al., 2012) or by a factor of  

5–10 (Takle 2004). For our experimental sites, we calculated soil CO2 

transfer coefficient (𝑘௦) from soil CO2 flux chamber in situ measurements 
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to get reliable estimations of soil CO2 fluxes during whole the period 

(Sánchez-Cañete et al., 2017).  

In the experimental sites, the calculated soil CO2 efflux (Fs) for the 

years 2014 to 2016 show considerable interannual variability. During most 

of the year, Fs were positives denoting carbon release to the atmosphere 

(Figure 6). These positive Fs emissions were related with biotic and abiotic 

factors as demonstrates the WCA analysis, being precipitation events the 

main driver of emissions. In Balsa Blanca, precipitation pulses represented 

only 7% of dry season length but provoked approximately 40% of the 

carbon emitted during the dry seasons over 2009–2013 (López-Ballesteros 

et al., 2016). During summer, environmental conditions (water scarcity) 

tend to reduce the metabolic activity of living plant roots, soil 

microorganisms and soil fauna. López-Ballesteros et al., (2018) calculated 

the ventilate emissions in AM, getting that most part of the CO2 emissions 

during May-September were produced by ventilation events. Furthermore, 

they found that VE was the main factor related with the great difference in 

annual C budgets between AM and BB sites (Table 1). The observed 

negative nocturnal Fs detected between March and July in AM and BB were 

related with abiotic factors by Hamerlynck et al., (2013) which related the 

negative Fs to processes of carbonate dissolution. This process also may 

happen in BB and AM where there is petrocalcic horizons (i.e., caliche) too.  

As similar results were found in both experimental sites (they are 

located 23 km apart from each other) in the dependency found between 

VWC, Tsoil, p and u* with χc through the different soil layers, these 

similarities suggest that the same ecosystem behavior was extensible to the 

whole area affected by the same climate and soil type.  However, some 

differences found between study sites may be relevant. In general, AM χc 

was more influenced by p and u* changes in the subsurface and deep profile 

than in BB (Figure 5), while the influence of VWC and Tsoil in the surface 
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layer was higher in BB. In relation with Fs, it was significantly higher and 

seems to be more responsive to rainfall events in BB. These differences 

would be related with the different degradation status present between 

ecosystems. The higher fraction of bare soil, the lower content in SOC and 

the coarser structure are “degradation indicators” showed by AM (López‐

Ballesteros et al., 2018; Rey et al., 2011). The deteriorated soil physical 

conditions, would increase in the interconnectivity between the soil medium 

and the atmosphere, and enhanced vertical transfer and storage capacity of 

soil CO2-rich air from subsoil (Oyonarte et al., 2012). Differences in the 

VWC time recovery to base level after large precipitation events also 

suggest that the soil in AM favors drainage and is more porous than in BB, 

enhancing CO2 storage and vertical transport. Hence, if these ecosystems 

are sources or sinks of CO2 is likely to depend of the soil degradation status 

and the perturbations that leading to desertification could have important 

negative impacts in the carbon budget in this kind of ecosystems (Mouat & 

Lancaster, 2006). 
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CONCLUSIONS 
 

Through the three year analysis of the CO2 molar fraction and 

environmental variables (soil temperature, soil water content, pressure and 

friction velocity) in the vadose zone of two experimental sites, a clear 

functional decoupling were found between soil layers. The sensors were 

located at 0.05 m (surface layer), 0.15 m (subsurface layer), 0.50 m and 1.50 

m (deep layer) depth. A wavelet analysis revealed that CO2 concentration 

at surface layer was controlled by soil temperature, soil water content, 

pressure pumping and ventilation, being rain pulses events the most 

important factor controlling the carbon dynamic. The subsurface layer 

acted as an interphase layer affected by soil temperature, soil water content, 

pressure tides, pressure pumping and ventilation. Here, the rain influence 

only triggered variations in the CO2 molar fraction in the daily pattern 

when large rain events (>15 mm) occur. The CO2 concentrations in the 

deeper soil were influenced mainly by pressure tides. The physical 

decoupling found between pressure tides, pressure pumping and ventilation 

suggest that ventilation and pressure pumping only can emitted the CO2 

storage in the surface and subsurface layer while pressure tides would not 

be directly related with CO2 emissions and its role in the ecosystem carbon 

dynamic would be related with the CO2 vertical transport facilitating that 

deep CO2 would be vented by pressure pumping and ventilation. Finally, 

two in-situ models were calculated using soil CO2 flux chamber 

measurements to get reliable estimations of surface soil CO2 effluxes. Thus, 

over whole study period (2014-2016) the annual soil CO2 efflux was 254 ± 

92 g C m−2 year−1 in Amoladeras and 405 ± 156 g C m−2 year−1 in Balsa 

Blanca. 

Besides the global monitoring networks, few studies have been 

designed to monitor continuously the CO2 exchanges from the soil and 
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coherent and continuous databases of soil CO2 effluxes still do not exist. 

The consideration of abiotic process and the impact in the ecosystem carbon 

dynamic is often ignored, and most of the investigations was limited to a 

depth of few centimetres. The soils considered in this study stored large 

quantity of CO2 in the vadose zone available to be vented. The carbon 

dynamic in semi-arid ecosystems has characteristics that make them unique 

due to the reduced biological activity and the relevance of non-diffusive 

transport processes. This study reinforces the importance of abiotic factors 

and mainly the soil moisture in predicting soil CO2 efflux in arid regions. 

In semiarid sites similar to the sites studied here, we recommend that the 

experimental design in future experiments related to biological parameters 

(e.g. flux estimations, microbiological measurements, etc) should be focused 

on the first 0.15 m of soil, paying special attention in the first 0.05 m because 

this soil layer is the most affected by small precipitation events. In contrast, 

if the element of interest are the pressure tides, pressure pumping or 

ventilation, we recommend taking in account the whole vadose zone. 
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CHAPTER 3. ECOSYSTEM CO2 EMISSIONS DRIVEN BY 

WIND ARE PRODUCED IN DRYLANDS AT GLOBAL 

SCALE 
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driven by wind are produced in drylands at global scale. 
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ABSTRACT 
 

 

Subterranean ventilation (VE) is a non-diffusive transport process 

that provokes the abrupt transfer of CO2-rich air (previously stored) 

through water-free soil pores and cracks from the vadose zone to the 

atmosphere, under high-turbulence conditions. Although VE may occur in 

arid and semi-arid regions, which are unsung players in the global carbon 

cycle, little research has been focused on the role of VE CO2 emissions in 

land-atmosphere CO2 exchange.  This study shows clear empirical evidence 

of globally occurring VE. To identify VE events, we used in situ quality-

controlled eddy-covariance open data of carbon fluxes and ancillary 

variables from 145 sites in different open land covers (grassland, cropland, 

shrubland, savanna and barren) across the globe. The analyzed database 

was selected from FLUXNET2015, AmeriFlux, OzFlux and AsiaFlux 

networks. In order to standardize the analysis process, an algorithm was 

designed to detect CO2 emissions produced by VE at all sites considered in 

this study. Its main requirement is the presence of considerable correlation 

between the friction velocity (i.e. turbulence) and CO2 emissions.  The 34% 

of the sites analyzed reported the occurrence of VE events. This vented CO2 

was found mainly in arid ecosystems (84%) and sites with hot and dry 

periods. Despite some limitations, this research demonstrates that VE CO2 

emissions occur globally. Future research should seek a better 

understanding of its drivers and the improvement of partition models, in 

order to reduce uncertainties and infer their contribution to the global net 

ecosystem carbon balance. 
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1. INTRODUCTION 
 

 

The eddy covariance (EC) technique is a powerful tool (Aubinet et al., 

2012; Baldocchi, 2014). Its use helps the scientific community to reach a 

better understanding of the Earth’s climate system, an outstanding 

scientific challenge in the global change context (Reich, 2010; Solomon et 

al., 2007). With the EC technique, net fluxes of carbon dioxide (CO2) and 

other trace gases, water and energy fluxes, can be measured at the 

ecosystem level over timescales of a half-hour or less with minimal 

disturbance to the underlying medium (Baldocchi et al., 2001). Despite 

some limitations inherent to the technique (i.e. its application is generally 

restricted to periods when atmospheric conditions are turbulent), annual 

integrations of CO2 exchange have been demonstrated feasible (Wofsy et 

al., 1993) and the use of the EC towers has spread around the world. 

With a growing number of EC towers worldwide, a set of regional 

(Aubinet et al., 1999; Isaac et al., 2016; Novick et al., 2018; Reich, 2010; Yu 

et al., 2006) and global networks (Pastorello et al., 2020) of EC flux 

measurement stations has been established. They provide an infrastructure 

for compiling, storing, and distributing open data of carbon, water, energy 

fluxes and related meteorological conditions to the scientific community. 

Examples of regional networks are AmeriFlux in the United States of 

America, CarboEurope in Europe; AsiaFlux in Asia, OzFlux in Australia or 

ChinaFlux in China. FLUXNET is considered a network of networks, and 

integrates information of many of the experimental sites included in these 

regional networks together. With more than eight hundred active and 

historic flux measurement sites distributed across most of the world´s 

climatic zones, FLUXNET is considered one of the largest environmental 

experiments in the world (Baldocchi et al., 2012). Despite its broad 

coverage, FLUXNET network has spatial observational gaps (Baldocchi, 
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2008; Bell et al., 2012; D. Schimel et al., 2015; Xiao et al., 2008). Thus, 

although arid and semiarid lands comprise approximately 40% of the global 

terrestrial surface (Reynolds et al., 2007) and play an important role in the 

global carbon (C) cycle (Ahlström et al., 2015; Lal, 2004), little is known 

about their functional behavior.  

The flux tower community interprets CO2 fluxes measured using EC 

technique as Net Ecosystem Exchange (NEE; Aubinet et al., 1999; 

Baldocchi, 2003). The NEE is generally defined as the difference between 

autotrophic uptake (gross primary production, GPP) and respiratory 

(autotrophic and heterotrophic) emission components (ecosystem 

respiration, Reco; Falge et al., 2002; Valentini et al., 2000). However, other 

processes different from GPP and Reco are included in the concept of the 

Net Ecosystem Carbon Balance (NECB). As defined by Chapin III et al., 

(2006), NECB is the net rate of organic plus inorganic C accumulation in 

an ecosystem, from all sources and sinks, regardless of the temporal and 

spatial scale at which it is estimated. In water-limited ecosystems, there is 

evidence of other processes, besides GPP and Reco, that can significantly 

contribute to the NECB, at least on short time scales (Emmerich, 2003; 

Mielnick et al., 2005; Serrano-Ortiz et al., 2010); these include 

photodegradation (Rutledge et al., 2010), geochemical weathering 

(Hamerlynck et al., 2013), and subterranean ventilation (Kowalski et al., 

2008).  

Subterranean ventilation (VE) is a non-diffusive transport process 

that provokes the abrupt transfer of CO2-rich air from the vadose zone to 

the atmosphere under drought and high-turbulence conditions (Kowalski 

et al., 2008). To make VE a significant component of the NECB, several 

conditions may co-occur. Firstly, vadose zone has to be well-aerated. A high 

quantity of soil pores and fractures interconnected with the atmosphere are 

needed in order to enable non-diffusive transport between vadose zone and 
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atmosphere (Pérez-Priego et al., 2013; Sánchez-Cañete et al., 2013a; 

Serrano-Ortiz et al., 2010). Furthermore, the soil pores must have low 

water content to allow gas flow. This condition commonly occurs during 

daytime and especially during the dry season coinciding with the dormancy 

period when water scarcity and high temperatures constrain biological 

activity (Cuezva et al., 2011; Risk et al., 2002; Roland et al., 2013; Sanchez-

Cañete et al., 2011); during night time atmospheric stability, water 

deposition and vapor adsorption near the soil surface may inhibit 

ventilation. Secondly, high atmospheric turbulence conditions are 

indispensable to penetrate the vadose zone and produce the abrupt 

emissions of CO₂ from the vadose zone to the atmosphere via non-diffusive 

transport (Kowalski et al., 2008; Subke et al., 2003; Takle et al., 2004). For 

this reason, the wind velocity (or friction velocity) is the main trigger of 

this phenomena (Flechard et al., 2007; Maier et al., 2010; Redeker et al., 

2015). Thirdly, the air located in the vadose zone must be significantly CO2 

rich (a high storage term is needed). In this sense, the concept of lateral 

transport has to be considered (Bourges et al., 2001; Chapin III et al., 2006; 

López-Ballesteros et al., 2017). Many of these conditions are inherent of 

drylands. 

Recent publications using the EC technique have demonstrated that 

VE can temporarily dominate land-atmosphere CO2 exchange in some 

Mediterranean ecosystems (López-Ballesteros et al., 2017; Pérez-Priego et 

al., 2013). However, most of this research analyzes the importance of VE at 

a local scale, while its relevance at global scale is still unknown.  

The general aim of this study is to assess the relevance of VE at the 

global scale by analyzing flux data provided by FLUXNET and other 

related regional networks. Our main hypothesis is that VE events occur in 

water-limited ecosystems worldwide and is not a negligible process at the 

global scale. To test our hypothesis, we designed an algorithm, based on 
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previous scientific evidence, to systematically detect VE events in the 145 

open ecosystems selected for this study. Therefore, our objectives are: 1) to 

detect daytime VE-driven CO2 emissions in different ecosystems 

distributed around the world, 2) to assess the patterns of VE-driven 

emissions, 3) to investigate driving processes and triggers, and 4) to 

highlight the relevance of VE at the global scale.  

  

  



RESULTS – CHAPTER 3 

133 
 

2. MATERIAL AND METHODS 
 

2.1 DATABASE SELECTION 

 

To identify VE events we used in situ, quality-controlled eddy-

covariance observations of carbon fluxes and ancillary data from 

FLUXNET and main regional EC networks that are available as open data 

to the science community. The datasets used in this study include the 

FLUXNET2015 database (https://fluxnet.fluxdata.org), the AmeriFlux 

database (http://ameriflux.lbl.gov), the OzFlux database (http://www. 

ozflux.org.au) and the AsiaFlux database (http://www.asiaflux.net).  

Flux sites selection was limited to non-forested open ecosystems 

(Bond, 2019). Thus, only grasslands (GRA), savannas (SAV), woody 

savannas (WSA), open shrublands (OSH), closed shrublands (CSH) barrens 

or sparsely vegetates (BSV) and croplands (CRO) land covers were 

analyzed (https://fluxnet.org/data/badm-data-templates/igbp-classifica 

tion/). This selection yielded 588 site-years of EC data measured at 145 

sites around the world. The sites selected were also categorized by climate 

using Köppen classification (KGCC; Rubel & Kottek, 2010) and the world 

dryland areas dataset (UNEP-WCMC; Sorensen, 2007). The latter is based 

on spatial analysis between the World Wildlife Fund terrestrial ecoregions 

(WWF-US; 2004) and aridity zones (CRU/UEA; UNEPGRID, 1991) 

according to United Nations Convention to Combat Desertification 

(UNCCD) and Convention on Biological Diversity (CBD) definitions.  

The basic instrumentation of EC technique consists of a sonic 

anemometer (to measure 3-D wind velocity and virtual temperature at high 

frequency), an infrared gas analyzer (to measure CO2 and water vapor 

densities at high frequency) and complementary sensors to measure other 
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meteorological ancillary variables at the flux site (e.g. air temperature, 

relative humidity, net radiation, precipitation). The flux and meteorological 

half-hourly data used in this analysis corresponded to quality-controlled 

data directly measured (i.e. minimum processing level). Therefore, we 

excluded post-processed gap-filled data (Papale & Valentini, 2003; 

Reichstein et al., 2005) from our analysis. 

 

2.2 DATA PROCESSING METHODS 

 
A novel algorithm was designed to automatically detect VE-driven 

CO2 emissions among the analyzed flux data. Our algorithm employs the 

following criteria: (1) VE events are directly related with high turbulence 

conditions. Hence, an u*-filtering threshold was applied to reject flux data 

during non-turbulent periods and to avoid the inclusion of measurement 

errors and spikes in the analysis; (2) there is no nocturnal VE due to soil re-

humification; and (3) variability in air temperature and soil moisture had to 

be insufficient to explain variations of net CO2 emissions (i.e. incompatible 

with ecophysiological interpretation of fluxes, such as the Birch effect at the 

end of the dry season).  

The algorithm was applied to five-day intervals over one-year for 

each selected site. In accordance with our design criteria, these data were 

filtered according to the following constraints: only daytime [shortwave 

radiation incoming (SW_IN) or photosynthetic photon flux density 

incoming (PPFD_IN) > 50 W m-2], positive fluxes [net ecosystem 

exchange (NEE) or carbon dioxide flux (Fc) > 0 µmolCO2 m-2 s-1], mean air 

temperature (TA) absolute difference between day 1st and 5th < 3 °C, mean 

soil water content (SWC) absolute difference between day 1st and 5th < 1%, 

null precipitation (P > 0.00001) and with high-turbulence conditions (u* > 
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0.2 m s-1) data were used. Furthermore, only data with a maximum of 10% 

of gaps in the period selected and CO2 fluxes (Fc) with maximum quality 

(flag qc = 0) were used.  Partial Spearman correlation coefficients were 

computed over each five-day period filtered between Fc (µmolCO2 m-2 s-1) 

and ancillary data: air temperature, vapor pressure deficit, soil temperature, 

atmospheric pressure, soil water content, photosynthetic photon flux 

density incoming, incoming shortwave radiation and friction velocity. Only 

five-day intervals with a partial Spearman correlation coefficient between 

Fc  and u* above 0.2 and p < 0.05 were considered as VE events. The 

software Matlab was used for statistical analyses (Matlab, R2017a; 

MathWorks, Natick, Massachusetts, USA).  

 

The algorithm was applied several times to each dataset with the 

following criteria: 1) for site-specific databases lasting from one to four 

years, the algorithm was applied to the whole database; 2) for site-specific 

databases lasting from five to six years, the algorithm was applied to the 

first four consecutive years; 3) for site-specific database lasting more than 

six years, the algoritm was appied to the first four non-consecutive years. 

In the ecosystems where our algorithm detected VE-driven CO2 emissions, 

only one year was selected in order to simplify results and facilitates its 

representation.  The year finally selected from each database corresponded 

to the year when our algorithm detected more VE events. The list of 

FLUXNET and regional EC networks sites used in this study with 

respective basic information is provided in the supporting information 

(tables S1, S2 and S3).   
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3. RESULTS 

 
Of the 145 sites analyzed in our study, we found that 34% of them (50 

sites) presented VE-driven CO2 emissions according to the established 

criteria (Figure 1). Of these, 84% of them (42 of 50) are located in drylands, 

in accordance with the United Nations Convention to Combat 

Desertification (UNCCD) definition of Drylands (UNEP-WCMC; 

Sorensen, L. 2007). These VE-driven CO2 emissions were frequent among 

the different dryland ecosystem types, occurring in half (3 of the 6) of arid 

drylands, 56% (24 of 43) of semiarid drylands, 57% (13 of 23) of dry 

subhumid drylands, and 64% (18 of 28) of additional dryland areas.  

West Australia and the western USA are the main regions where this 

anomalous CO2 emissions are produced. However, data availability 

conditioned this proportion. From the ecosystems analyzed in Europe 30% 

of them (6 of 20) gave positive results with half of these being located in SE 

Spain. In Asia 42% (5 of 12) of the experimental sites analyzed showed 

positive results with half of them concentrated on the Tibetan Plateau. In 

the USA and Mexico 34% (32 of 93) of the experimental sites analyzed gave 

positive results. These places are located in the lower part of USA, in the 

middle and in the west coast. Finally, in Australia 32% (6 of 19) of the 

experimental sites analyzed gave positive results. These places are located 

in the middle and east part of the country. Unluckily due to the lack of data 

availability in South America and Africa, there are no positive events 

detected in South America and only one ecosystem was found in South 

Africa of three places analyzed (30%).  
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a) 
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Figure 1. a) World map distribution of FLUXNET2015, AmeriFlux, European Eddy Fluxes Cluster, OzFlux and AsiaFlux sites 

analyzed in this study with distinction of experimental sites with (site marker in red) and without (site marker in white) VE-driven CO2 

emissions detected by our algorithm. On the map, the world dryland areas dataset classification (UNEP-WCMC; Sorensen, L. 2007) 

according to dryness index PET/P (potential evapotranspiration/precipitation). Codes of sites  with VE-driven CO2 emissions have 

been included; b) Distribution of analyzed sites with (red) and without (white) VE emissions along mean annual temperature (MAT) 

and mean annual precipitation (MAP) gradients; c) Number of analyzed sites with (red) and without (white) VE emissions detected by 

IGBP land cover classification (grassland, GRA; savanna, SAV; woody savanna, WSA; open shrubland, OSH; closed shrubland, CSH; 

barren or Sparsely Vegetated, BSV; and cropland, CRO).
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The mean annual precipitation was below 1000 mm in all the 

experimental sites with VE events detected (Figure 1, b). The mean annual 

temperature ranges between -1 and 26 °C, although two ecosystems (Ru-

Cok with -14.3 °C and US-A74 33.9 °C) far exceeded this range. The 

ecosystem types where more VE events were detected corresponded to 

grasslands, croplands, and open shrublands, in that order. From the rest of 

ecosystems analyzed, only one (in savannas and barrens or sparsely 

vegetates sites) and two places (in woody savannas and closed shrublands 

sites) showed VE events. More details for each experimental site can be 

found in the supporting information (S1, S2 and S3).  

Figure 2 shows a selection of four experimental sites with VE events 

detected by our algorithm. This selection was chosen to exemplify the 

driving processes and patterns of VE events detected by our algorithm.  

US-Ctn is a grassland located in United States classified as cold arid steppe 

(BSk); ZA-Kru is a savanna located in South Africa classified as hot arid 

steppe (BSh); ES-Amo is an open shrubland located in Spain and classified 

as a cold arid steppe (BSk); and, AU-Dap is a grassland located in Australia 

and classified as equatorial with dry winter (Aw). Although these are 

ecosystems located in faraway regions, the ecosystem’s dynamic is very 

similar between them. The sites described reveal a seasonal variability with 

two contrasting CO2 exchange behaviours during two predominant 

periods: the growing and dry season. During growth periods, these sites act 

as net daily carbon sinks (not shown). However, during dry periods (when 

plants are dormant), these sites act as net carbon sources (Figure 2). Both, 

SWC, Fc and u* shows a daily pattern. The parallelism in the daily pattern 

occurrence and magnitude of the CO2 emissions (positive Fc) from the 

vadose zone towards the atmosphere were related with the intensity of the 

atmospheric turbulence in the surface (u* value). Also, these emissions were 
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produced when SWC was very low. US-CTN and AU-DAP were in their 

20th percentiles of annual soil moisture, and ES-AMO and ZA-KRU were 

in their 30th percentiles. The US-Ctn figure shows the “pre-emission” period 

and when ventilation events start, while in ES-AMO, ZA-Kru and AU-Dap 

the graph shows days when the ventilation events are presented also in 

previous days (not shown in the figure). When the SWC reached its 

percentile 30 in US-CTN our filter detects the first five-day periods of 

emissions (DOY 180-184). Although there are few days with turbulent 

conditions (high u*) during night (DOY 150 in ZA-Kru and 178-179 in US-

Ctn), all VE detected occurred always during daytime. The length of the 

emissions periods varies between years. For the selected year, the length of 

the emission periods was 258 days in ES-Amo (DOY 97-355), 47 days in 

US-Ctn (DOY 175-222), 149 days in AU-DaP (DOY 158-307), and 249 

days in ZA-Kru (DOY 54-303). 

VE events detected in the four experimental sites selected were 

directly correlated with u* and the shortwave incoming radiation SW_IN 

(Figure 3). The value of the Fc-u* partial correlation or the Fc-SW_IN 

partial correlation varies among the different VE events detected; however, 

the median was similar among ecosystems (between 0.44 and 0.55 the Fc-

u* correlation and 0.45-0.67 the Fc-SW_IN correlation). During these 

periods there were also positive and negative correlations with other 

variables measured in the ecosystems: air temperature (TA), vapor pressure 

deficit (VPD), atmospheric pressure (PA), soil temperature (TS), or/and 

soil water content (SWC). However, these correlations were more 

heterogeneous among ecosystems, weaker and not always significant. 
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Figure 2. Average half-hour time series of friction velocity (u*; m s-1) CO2 fluxes 

(Fc; µmolCO2 m-2 s-1) and soil water content (SWC;%) in:  a.1) US-Ctn 

(Cottonwood, grassland, United States, AmeriFlux, 2007); b.2) ES-Amo 

(Amoladeras, open shrubland, Spain, FLUXNET, 2009); c.3) AU-DaP (Daly 

River Savanna, grassland, Australia, FLUXNET, 2012); d.4) ZA-Kru 

(Skukuza, savanna, South Africa, FLUXNET, 2007) experimental sites. A 

negative Fc denotes carbon uptake by the ecosystem, and a positive Fc denotes a 

carbon source into the atmosphere. Grey bars at the top and bottom of each figure 
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denote the five-day periods for which VE events were detected via our algorithm. 

Photos from https://fluxnet.org/  

 

Figure 3. Box-and-whisker plots of Spearman coefficients obtained from partial 

correlation between CO2 fluxes (Fc) and friction velocity (u*), air temperature (TA), 

vapor pressure deficit (VPD), atmospheric pressure (PA), soil temperature (TS), 

soil water content (SWC) or shortwave radiation incoming (SW_IN) in the five-

day periods when VE-driven CO2 emissions were detected at ZA-Kru, ES-Amo, 

US-Ctn and AU-Dap sites. Data shown have a p-value < 0.05. 
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Figure 4.  Box-and-whisker plots of Spearman coefficients obtained from partial correlation between CO2 fluxes (Fc) and friction 

velocity (u*) for all the flux sites where five-day VE events were detected by our algorithm.  Sites are clustered by ecosystem type [land 

cover (IGBP)] and Köppen climate classification (KGCC). Data shown have a p-value < 0.05.
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In the 50 sites with VE-driven CO2 emissions, 300 VE-events were 

detected according to the established criteria by our algorithm. The 

Spearman correlation coefficients obtained from partial correlation between 

Fc and u* was found similar in the climatic zones that showed VE events. 

They range between 0.2 and 0.8 with a median value around 0.5 (Figure 4). 

The climatic zones with the highest Spearman correlation coefficients were 

BWh (hot desert climate), BSk (cold steppe climate) and Aw (equatorial 

savannah with dry winter), while BSk, CSa (warm temperate climate with 

hot and dry summer), Cfa (warm temperate climate, fully humid with hot 

summer) and Dfa (Snow climate, fully humid with hot summer) showed the 

lowest Spearman correlation coefficients. Regarding VE occurrence 

frequency, BSk (28%) and BWh (18%) are the climatic zones with more VE 

events detected, and Csb (warm temperate climate with warm and dry 

summer; 0.7%) and Dfb (snow climate, fully humid with warm summer; 

1.3%) the climatic zones with less VE events detected. 

By region, the 50% of the Australian sites analyzed showed the 

highest coefficient median (AU-Emr [GRA-BWk], CN-HBG [GRA-

DWb], AU-DaP [GRA-Aw], US-SO4 [CSH-Csa] and AU-TTE [OSH-

BWh]). While the sites with the lowest coefficient median are located in 

USA and Mexico (US-Whs [OSH-BSk], MX-Lpa [OSH-BWh], US-Var 

[GRA-Csa], US-AR2 [GRA-Cfa], US-Twt [CRO-Csa], US-SPF [CRO-

Csa] and US-BR1 [CRO-Dfa]). By land cover, GRA, and OSH are the 

ecosystem types with the highest and lowest partial Spearman correlation 

coefficients, respectively. Details of the Spearman correlation coefficients 

obtained for each experimental site analyzed are described in the supporting 

information S1. 
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4. DISCUSSION 
 

 

Experimental sites with CO2 emissions that could be mainly 

produced by subterranean ventilation (VE) were common and spread 

around the world. Based on previous scientific evidence, we designed an 

algorithm, to systematically detect VE events. After analyzing 145 open 

ecosystems (Bond, 2019) selected from main EC networks, 34% of them 

showed VE events (Figure 1a, and tables S1 and S2). The IGBP selection 

criteria was successful considering that 84% were located in drylands 

(Figure 1a) in accordance with the UNCCD definition of Drylands (UNEP-

WCMC; Sorensen, 2007). The detection of VE events was quite balanced 

among the different kinds of drylands presented (50% in arid, 56% in 

semiarid, 57% in dry subhumid and 64% in the additional dryland areas).  

The occurrence and magnitude of the CO2 emissions (positive Fc) 

from the vadose zone towards the atmosphere were directly related with 

the intensity of the atmospheric turbulence in the surface (u* value; Figures 

2 and 3). No evident differences in the Spearman coefficients obtained from 

partial correlation between Fc and u* were found among the climatic zones 

that showed VE events, since the similar ranges obtained for all analyzed 

climate-IGBP categories between 0.2 and 0.8 with a median value around 

0.5 (Figure 4). Larger eddies promoted by high atmospheric turbulence 

conditions can penetrate within the vadose zone and produce an abrupt 

emission of CO2-rich air from the vadose zone to the atmosphere via non-

diffusive transport (Kowalski et al., 2008; Subke et al., 2003; Takle et al., 

2004). At night, although there are days with turbulent conditions (DOY 

150 in ZA-Kru and 178-179 in US-Ctn), VE events were not detected. As 

pointed out by other authors, at night-time water deposition and vapor 

adsorption near the soil surface may inhibit ventilation (Agam & Berliner, 

2006; Cuezva et al., 2011; Kosmas et al., 2001; Verhoef et al., 2006). Our 
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results suggest that our algorithm can efficiently detect CO2 emissions 

produced by VE. 

Most VE events were detected during dry conditions, with SWC 

values below the 30th percentile of site-specific annual soil moisture. Such 

behaviour can be clearly observed in US-CTN site (Figure 2, a), where the 

first five-day period of emissions (DOY 180-184) was detected when the 

SWC decreased down its 30th percentile during day-time and over the dry 

season. Due to the lack of water inputs, the interconnectivity between 

vadose zone and the atmosphere can allow for an effective gas transport 

across the land surface (Cuezva et al., 2011; Risk et al., 2002; Roland et al., 

2013; Sanchez-Cañete et al., 2011). This dryness condition can correspond 

to an inherent feature of the ecosystem (i.e. US-Ctn, AU-DaP or ES-AMO) 

or to a climate extreme, such as a drought event (i.e. ZA-Kru). It is also 

remarkable how the mean annual precipitation is a limiting factor above 

1000 mm in all the experimental sites with VE events detected (Figure 1, 

b).  

The shortwave incoming radiation (SW_IN) also constitutes an 

important meteorological variable involved in the VE CO2 emissions 

detected (Figure 3) probably because solar heating is an important 

mechanism that triggers turbulence (López-Ballesteros et al., 2017; Stull, 

1988). In relation with the VPD determinant, López-Ballesteros et al., 2017 

found VE CO2 efflux at high turbulence and specific VPD conditions.  

In relation with the Fc-pressure correlation, several processes would 

be involved. Pressure pumping (Massman et al., 1997; Mohr, et al.,  2016; 

Roland et al., 2015), pressure tides (Clements & Wilkening, 1974; Kimball 

& Lemon, 1970; Le Blancq, 2011) and VE are non-diffusive transport 

processes affected by atmospheric pressure changes at different temporal 

scales. For them, a well-aerated soil (Pérez-Priego et al., 2013; Sánchez-

Cañete et al., 2013a), dry conditions and high atmospheric turbulence 



RESULTS – CHAPTER 3 

147 
 

conditions are indispensable to produce the subsoil CO2 emissions. For this 

reason, there is no clear distinction between pressure pumping, pressure 

tides and VE. Some authors have shown a positive relationship between 

pressure pumping and ventilation (Mohr et al., 2016; Nachshon et al., 2012; 

Redeker et al., 2015), due to the correlation presented between pressure 

changes and wind perturbations at high frequencies (Maier et al., 2010; 

Redeker et al., 2015; Takle et al., 2004). However, other authors (Moya et 

al., 2019; Sánchez-Cañete et al., 2013a) found a temporal and spatial 

decoupling between VE and pressure tides. Pressure tides were produced 

in the sub-surface at low frequencies by large‐scale atmospheric dynamics 

(Elberling et al., 1998; Guoqing, 2005; Lindzen, 1979), while VE is 

produced at high frequencies and limited to the shallower horizon (Redeker 

et al., 2015; Takle et al., 2004). 

Production and transport of CO2 may be lagged in time in ecosystems 

affected by VE (Chapin III et al., 2006). Due to water dependency, in 

ecosystems affected by VE, flux measurements reveal two contrasting CO2 

exchange behaviours during two predominant periods: the growing and dry 

seasons (López-Ballesteros et al., 2017; Pérez-Priego et al., 2013; Serrano-

Ortiz et al., 2014). During growing periods, sufficient soil moisture enables 

autotrophic and heterotrophic biological activity and inhibits VE by 

lowering vadose zone and atmosphere interconnectivity. However, during 

dry periods, the low soil moisture provokes that biological processes 

involved in the production and consequent emission of CO2 may 

occasionally play a secondary role leading VE to become determinant in 

annual NECB while allowing a more efficient gas transport between 

soil/vadose zone and the atmosphere. For example, in Figure 3, the effect 

of TA, VPD, PA, TS and SWC were more heterogeneous among 

ecosystems, weaker, and not always significant, compared to SW_ IN and 
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u*, which suggests the predominance of VE over GPP or Reco during drier 

periods. 

Based on our results (Figures 2 and 3), ecosystems affected by the VE 

process, tended to act as CO2 sinks during their growing seasons and CO2 

sources during their dry seasons. What is more, this study suggests that 

the high interannual variability of Fc in ES-Amo and ZA-Kru could be a 

consequence of the frequency and intensity of VE events. ES-Amo acted an 

annual  net source of CO2 with ranging from +163 g C m-2 yr-1 to +324 g 

C m-2 yr-1 over 2009-2015 (López-Ballesteros et al., 2017), whereas ZA-Kru 

varied from −138 to +155 g C m-2 yr-1 over 2000-2005 (Archibald et al., 

2009). Differences in the Fc balance among years depended on the length 

and severity of the dry season, which was determined by the magnitude and 

timing of precipitation events (Gilmanov et al., 2006; Luo et al., 2007; Ma 

et al., 2007; Meyers, 2001; Pereira et al., 2007). Therefore, the duration of 

dry conditions might correlate with VE-driven CO2 emissions, and could 

be the most important factor determining the variability in the annual 

ecosystem C balance.  

The VE magnitude would be also related to the volume and 

concentration of CO2 stored in the vadose zone available to be vented. 

Although we did not find any relation between site-specific soil type and 

occurrence of VE events (data not shown), a minimum gas permeability of 

the soil matrix is needed to make VE happen (Figure 2; Pérez-Priego et al., 

2013; Sánchez-Cañete et al., 2013a). In this sense, vadose zone systems 

containing caves, macropores and fissures usually coincide with carbonated 

parent soil material, which can temporally store large amounts of CO2 

below ground (Decarlo & Caylor, 2020; Emmerich, 2003; Serrano-Ortiz et 

al., 2010). A vadose zone with significantly CO2-rich air is also presented in 

some drylands with low soil organic carbon (SOC) production. For 

example, in ES-AMO, the CO2 vented is higher than variations of in situ 
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SOC pools presented in the ecosystem (López-Ballesteros et al., 2017). In 

these ecosystems, the vadose zone is beyond the ecosystem conceptual 

boundaries and the released CO2 might be lagged in space (Bourges et al., 

2001; Chapin III et al., 2006). The observation of the underground CO2 

concentrations measurements is useful to prove the occurrence of VE 

processes (Sanchez-Cañete et al., 2011). Unfortunately, there is scarce 

information available on CO2 dynamics below the soil surface and they are 

barely presented in the databases analyzed. 

The co-existence of other processes involved in the NECB, acting 

together with VE, is far from sufficient to explain the large magnitude of 

the daytime CO2 emissions detected by our algorithm (Figures 2 and table 

S1). For instance, some estimations of CO2 fluxes corresponding to 

photodegradation of senescent organic matter correspond to very low CO2 

effluxes (Austin & Ballaré, 2010; Austin & Vivanco, 2006; Brandt & Adair, 

2012), i.e. 0.015 µmol m−2 s−1 in microcosms in lab under natural solar 

radiation (Brandt et al., 2009) and 0.179 µmol m−2 s−1 in annual grasslands 

during the dry season (Rutledge et al., 2010), respectively. Likewise, short-

term estimates of geochemical weathering and calcite precipitation are 

estimated to correspond to very low CO2 effluxes (Goddéris et al., 2006; 

Hamerlynck et al., 2013; Roland et al., 2013) of ca. 0.05 µmol m−2 s−1 

(Serrano-Ortiz et al., 2010). Finally, the production of geogas is associated 

with seismicity and volcanic and geothermal systems (Burton et al., 2013; 

Etiope et al., 1999; Lewicki et al., 2003; Mörner & Etiope, 2002), however, 

to know how this process interacts with VE we need further investigation. 

Finally, the EC databases used in this study presented some 

limitations in order to provide more in-depth information on the global VE 

relevance. These limitations include: 1) the presence of long-term gaps in 

many databases made it difficult to calculate the contribution of VE at the 

annual scale; 2) the limited length of the time series (the majority of EC flux 
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sites analyzed are usually limited to only 3–5 years of measurements) could 

be an issue (Schimel et al., 2015; Sulkava et al., 2011; Sundareshwar et al., 

2007)  to determine the effect of VE in the interannual variation in the 

ecosystem C balance; 3) the heterogeneity among databases (absence of 

some variables collected and differences in data quality) and the lack of 

information and/or parameter misspecification in the metadata made it 

difficult to establish relations between VE and other variables across the 

different types of ecosystems; and 4) the spatial representativeness in the 

EC databases (D. Schimel et al., 2015; Sulkava et al., 2011; Sundareshwar et 

al., 2007) was not sufficient to capture the natural variability of 

climatological and biological conditions in some geographical regions. 

FLUXNET and regional network sites are mainly located in ecosystems 

with annual temperatures between 5 and 17 °C, annual rainfall between 600 

and 1250 mm, and latitudes above 30o N (Vargas et al., 2013). Furthermore, 

longer datasets are limited to temperate and boreal ecosystems  (Chu et al., 

2017; Pastorello et al., 2017; Pastorello et al., 2020).  Thus, regions more 

vulnerable to environmental or climate change are still underrepresented 

(Bell et al., 2012). Many of these regions are drylands or prone to 

desertification (Emmerich, 2003; Eswaran et al., 2000; Huenneke et al., 

2002; Schlesinger et al., 1990), which makes VE potentially relevant now 

and even more so in the future (Ahlström et al., 2015).   

These issues create uncertainties that severely limit our ability to 

better understand VE processes and make confident estimations of the 

contribution of VE in the global terrestrial carbon balance. Nevertheless, 

the results achieved in this work are very relevant because the presence of 

VE have been identified in many arid and semiarid lands which constitute 

the largest biome in the world (Schimel, 2010). 
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CONCLUSIONS 
 

 

The present study is a step toward to better understanding the 

processes involved in the global C cycle. After analyzing eddy-covariance 

open data observations of carbon fluxes and ancillary data from 145 

common semiarid ecosystem types from FLUXNET and its main regional 

networks, we can confirm that subterranean ventilation CO2 emissions 

occur globally.  

The occurrence and magnitude of the CO2 emissions from the vadose 

zone towards the atmosphere were directly related to changes in friction 

velocity (indicator of atmospheric turbulence), the triggering variable. The 

soil water content and annual rainfall were found as limiting factors. Only 

when the soil water content declines to values below the 30 percentile of 

site-specific annual soil moisture, could the interconnectivity between 

vadose zone and the atmosphere allow for an effective gas transport across 

the land surface. These subterranean ventilated CO2 emissions occurred in 

dry ecosystems, but also in ecosystems where dryness was not an inherent 

feature of the ecosystem. It varied from days to weeks, and occurred only 

during daytime. The Spearman coefficients obtained from partial 

correlation between u* and CO2 fluxes was found to be similar across the 

different climatic zones analyzed. Finally, depending on the length and 

severity of the dry season, ventilation events could determine the variability 

in the annual ecosystem C balance in these ecosystems as a sink or source 

of CO2.  

Our results suggest that our algorithm can efficiently detect CO2 

emissions produced by VE and constitutes a useful tool to its detection to 

be used in future research. Global warming and anthropogenic disturbance 

will increase the rate of drying in ecosystems leading to more frequent and 

intense drought events. This drying could provoke an ecosystem 
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degradation favoring a greater exposure of subsoil CO2 to ventilation and 

affecting negatively in the trend of global carbon sequestration. 

Understanding the occurrence of processes, feedbacks and driving factors 

that modulate the carbon (C) source capacity of natural ecosystems due to 

ventilation events is needed to advance towards more robust model 

projections for future climate as well as more adequate design of mitigation 

policies. 
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SUPPLEMENTARY MATERIAL 
 

 

Site ID Year Periods detected Fc potential Fc-u* corr % gaps Citation 
AU-DaP 2012 155-164, 170-189, 195-199, 210-224, 

230-234, 240-269, 275-279, 285-294, 
300-304 

3.25 ± 0.69 0.57 ± 0.13 65 Jason Beringer,  Lindsay Hutley  (2007-2013) FLUXNET2015 AU-DaP Daly River Savanna, DOI: 
10.18140/FLX/1440123 

AU-Emr 2013 260-264,275-279,285-289 3.21 ± 0.69 0.58 ± 0.14 53 Ivan Schroder,  Steve Zegelin,  Tehani Palu,  Andrew Feitz  (2011-2013) FLUXNET2015 AU-Emr 
Emerald, DOI: 10.18140/FLX/1440198 

AU-RDF 2013 135-139, 160-169 2.45 ± 0.57 0.40 ± 0.08* 80 Jason Beringer,  Lindsay Hutley  (2011-2013) FLUXNET2015 AU-RDF Red Dirt Melon Farm, 
Northern Territory, DOI: 10.18140/FLX/1440201 

BE-Lon 2014 10-14, 25-34, 50-54, 60-64, 285-289 2.34 ± 1.03 0.49 ± 0.06 66 Anne De Ligne,  Tanguy Manise,  Christine Moureaux,  Marc Aubinet, Bernard 
Heinesch  (2004-2014) FLUXNET2015 BE-Lon Lonzee, DOI: 10.18140/FLX/1440129 

CN-HaM 2002 45-49, 55-59 3.66 ± 0.90 0.47 ± 0.08* 44 Yanhong Tang,  Tomomichi Kato,  Mingyuan Du  (2002-2004) FLUXNET2015 CN-HaM Haibei 
Alpine Tibet site, DOI: 10.18140/FLX/1440190 

ES-Amo 2009 100-104,150-159,165-194, 200-209, 215-
249,335-344 

4.86 ± 1.63 0.52 ± 0.15 37 Francisco Domingo Poveda,  Ana López Ballesteros,  Erique Pérez Sánchez Cañete,  Penélope 
Serrano Ortiz,  Mª Rosario Moya Jiménez, Oscar Pérez Priego,  Andrew S. Kowalski  (2007-
2012) FLUXNET2015 ES-Amo Amoladeras, DOI: 10.18140/FLX/1440156 

ES-Lju 2009 170-179,205-209,235-244 2.61 ± 1.92 0.46 ± 0.16 48 Erique Pérez Sánchez Cañete,  Penélope Serrano Ortiz,  Mª Rosario Moya Jiménez,  Francisco 
Domingo Poveda,  Oscar Pérez Priego,  Ana López Ballesteros,  Andrew S. Kowalski  (2004-
2013) FLUXNET2015 ES-LJu Llano de los Juanes, 10.18140/FLX/1440157 

ES-Ln2 2009 150-154,165-199,205-209,215-219,230-
249,265-269 

4.52 ± 1.03 0.43 ± 0.16 66 Andrew Kowalsky  (2009-2009) FLUXNET2015 ES-Ln2 Lanjaron-Salvage logging, DOI: 
10.18140/FLX/1440226 

FR-Gri 2006 265-279 6.46 ± 1.89 0.44 ± 0.07 63 Pauline Buysse,  Brigitte Durand,  Jean-Christophe Gueudet,  Nicolas Mascher,  Eric 
Larmanou,  Pierre Cellier,  Benjamin Loubet  (2004-2014) FLUXNET2015 FR-Gri Grignon, 
10.18140/FLX/1440162 

IT-Bci 2008 260-269 6.52 ± 1.51 0.44 ± 0.07 67 Vincenzo Magliulo,  Paul Di Tommasi,  Daniela Famulari,  Daniele Gasbarra,  Luca 
Vitale,  Antonio Manco  (2004-2014) FLUXNET2015 IT-BCi Borgo Cioffi, DOI: 
10.18140/FLX/1440166 

RU-Cok 2003 140-144, 150-154 1.38 ± 0.08 0.42 ± 0.21* 78 Han Dolman,  Michiel van der Molen,  Frans-Jan Parmentier,  Luca Belelli Marchesini,  Joshua 
Dean,  Ko van Huissteden,  Trofim Maximov  (2003-2014) FLUXNET2015 RU-Cok Chokurdakh, 
DOI: 10.18140/FLX/1440182 

RU-Ha1 2004 275-280,285-289 1.72 ± 0.22 0.44 ± 0.05* 66 Luca Belelli,  Dario Papale,  Riccardo Valentini  (2002-2004) FLUXNET2015 RU-Ha1 Hakasia 
steppe, DOI: 10.18140/FLX/1440184 

US-AR1 2011 50-54, 75-79,180-184,220-224, 235-239, 
320-324 

3.50 ± 1.82 0.37 ± 0.13 39 Dave Billesbach,  James Bradford,  Margaret Torn  (2009-2012) FLUXNET2015 US-AR1 ARM 
USDA UNL OSU Woodward Switchgrass 1, DOI: 10.18140/FLX/1440103 

US-AR2 2010 200-204,220-224,240-244,260-264 3.38 ± 1.07 0.30 ± 0.06 35 Dave Billesbach,  James Bradford,  Margaret Torn  (2009-2012) FLUXNET2015 US-AR2 ARM 
USDA UNL OSU Woodward Switchgrass 2, DOI: 10.18140/FLX/1440104 
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US-ARM 2003 155-159,160-164, 230-234 5.55 ± 0.59 0.41 ± 0.09 57 Sebastien Biraud  (2003-2012) FLUXNET2015 US-ARM ARM Southern Great Plains site- 
Lamont, DOI: 10.18140/FLX/1440066 

US-IB2 2008 95-99,320-324,355-359 1.62 ± 0.46 0.45 ± 0.04* 41 Roser Matamala  (2004-2011) FLUXNET2015 US-IB2 Fermi National Accelerator Laboratory- 
Batavia (Prairie site), DOI: 10.18140/FLX/1440072 

US-LWW 1998 95-99, 190-199,205-214,220-224, 230-
234 

8.07 ± 2.47 0.47 ± 0.15 53 Tilden Meyers  (1997-1998) FLUXNET2015 US-LWW Little Washita Watershed, DOI: 
10.18140/FLX/1440077 

US-Ne1 2003 10-14,35-39,45-49,185-189,195-199,325-
329 

3.83 ± 1.37 0.52 ± 0.14 45 Andy Suyker  (2001-2013) FLUXNET2015 US-Ne1 Mead - irrigated continuous maize site, 
10.18140/FLX/1440084 

US-Ne2 2002 170-174,180-184,210-214 2.79 ± 0.51 0.36 ± 0.05 39 Andy Suyker  (2001-2013) FLUXNET2015 US-Ne2 Mead - irrigated maize-soybean rotation 
site, DOI: 10.18140/FLX/1440085 

US-Ne3 2003 35-39,45-49,65-69,155-159,185-189 4.42 ± 0.68 0.48 ± 0.09 42 Andy Suyker  (2001-2013) FLUXNET2015 US-Ne3 Mead - rainfed maize-soybean rotation site, 
10.18140/FLX/1440086 

US-SRG 2011 160-164, 350-354 2.37 ± 1.17 0.55 ± 0.08* 40 Russell Scott  (2008-2014) FLUXNET2015 US-SRG Santa Rita Grassland,  
DOI: 10.18140/FLX/1440114 

US-Twt 2011 65-69, 160-164 3.77 ± 2.30 0.32 ± 0.12* 67 Dennis Baldocchi  (2009-2014) FLUXNET2015 US-Twt Twitchell Island, DOI: 
10.18140/FLX/1440106 

US-Var 2013 160-164,180-184, 240-244,275-279 3.64 ± 1.05 0.27 ± 0.02 55 Dennis Baldocchi  (2000-2014) FLUXNET2015 US-Var Vaira Ranch- Ione, DOI: 
10.18140/FLX/1440094 

US-Whs 2014 40-44,145-149,165-169 1.53 ± 0.38 0.34 ± 0.13 52 Russ Scott  (2007-2014) FLUXNET2015 US-Whs Walnut Gulch Lucky Hills Shrub, DOI: 
10.18140/FLX/1440097 

US-Wkg 2011 5-9, 55-59,65-69,310-314,350-354 1.50 ± 0.29 0.49 ± 0.13 62 Russell Scott  (2004-2014) FLUXNET2015 US-Wkg Walnut Gulch Kendall Grasslands, DOI: 
10.18140/FLX/1440096 

ZA-Kru 2007 65-69,75-79,125-129,155-159,160-
164,170-179,190-194,200-204,270-
274,330-334 

7.36 ± 1.39 0.44 ± 0.08 56 Bob Scholes  (2000-2013) FLUXNET2015 ZA-Kru Skukuza, 10.18140/FLX/1440188 

MX-Lpa 2006 40-44, 105-114, 180-184, 190-194,325-
329 

9.90 ± 6.77 0.37  ± 0.14 2 Walter Oechel AmeriFlux MX-Lpa La Paz, DOI:10.17190/AMF/1246014 

US-A74 2016 35-39,90-94,95-99,315-319 6.74 ± 1.97 0.53  ± 0.18 43 Lara Kueppers, Margaret Torn, Sebastien Biraud AmeriFlux US-A74 ARM SGP milo field, 
DOI:10.17190/AMF/1436328 

US-Aud 2005 15-19, 30-34, 45-49, 55-64, 95-99, 115-
119, 125-129, 135-139, 150-174, 180-
194, 330-334 

4.89 ± 1.21 0.49  ± 0.17 12 Tilden Meyers AmeriFlux US-Aud Audubon Research Ranch, DOI:10.17190/AMF/1246028 

US-Bo1 2006 55-59, 265-269, 300-304 7.13 ± 4.30 0.53  ± 0.08 23 Tilden Meyers AmeriFlux US-Bo1 Bondville, DOI:10.17190/AMF/1246036 

US-Bo2 2007 80-84, 130-134 4.74 ± 1.62 0.37  ± 
0.06* 

74 Carl Bernacchi AmeriFlux US-Bo2 Bondville (companion site), DOI:10.17190/AMF/1246037 

US-Br1 2009 305-314 1.60 ± 0.27 0.29  ± 
0.06* 

3 John Prueger, Tim Parkin AmeriFlux US-Br1 Brooks Field Site 10- Ames, 
DOI:10.17190/AMF/1246038 

US-Ctn 2007 180-184,210-214 7.13 ± 0.56 0.55  ± 
0.06* 

23 Tilden Meyers AmeriFlux US-Ctn Cottonwood, DOI:10.17190/AMF/1246117 
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US-Fwf 2009 310-314, 320-324 0.55 ± 0.17 0.47  ± 
0.01* 

2 Sabina Dore, Thomas Kolb AmeriFlux US-Fwf Flagstaff - Wildfire, 
DOIi:10.17190/AMF/1246052 

US-IB1 2007 75-79,110-114,135-139 4.23 ± 1.47 0.37 ± 0.13 18 Roser Matamala AmeriFlux US-IB1 Fermi National Accelerator Laboratory- Batavia 
(Agricultural site), DOI:10.17190/AMF/1246065 

US-Kon 2010 100-104, 335-339 3.86 ± 2.67 0.34  ± 
0.01* 

33 Nathaniel Brunsell AmeriFlux US-Kon Konza Prairie LTER (KNZ), DOI:10.17190/AMF/1246068 

US-Rms 2015 200-204,185-189 2.68 ± 0.32 0.51 ± 0.16 28 Gerald Flerchinger AmeriFlux US-Rms RCEW Mountain Big Sagebrush, 
DOI:10.17190/AMF/1375202 

US-SCd 2011 110-114, 140-144, 155-159, 180-184, 
270-274, 335-339 

3.55 ± 3.01 0.51 ± 0.16 7 Mike Goulden AmeriFlux US-SCd Southern California Climate Gradient - Sonoran Desert, 
DOI:10.17190/AMF/1419505 

US-SCg 2014 145-149,155-159,165-179, 185-194, 220-
224 

6.15 ± 2.34 0.44 ± 0.10 32 Mike Goulden AmeriFlux US-SCg Southern California Climate Gradient - Grassland, 
DOI:10.17190/AMF/1419502 

US-SCw 2012 130-134, 140-149, 155-159, 165-169, 
180-189, 200-209, 220-224, 245-
249.260-264,295-299,305-309, 320-324 

4.01 ± 1.36 0.52 ± 0.17 3 Mike Goulden AmeriFlux US-SCw Southern California Climate Gradient - Pinyon/Juniper 
Woodland, doi:10.17190/AMF/1419504 

US-Seg 2011 55-59,140-144,155-159,335-339,355-359 1.55 ± 0.54 0.33 ± 0.07 27 Marcy Litvak AmeriFlux US-Seg Sevilleta grassland, DOI:10.17190/AMF/1246124 

US-SFP 2008 100-104,280-284 4.13 ± 1.65 0.33 ± 0.03* 39 Tilden Meyers AmeriFlux US-SFP Sioux Falls Portable, DOI:10.17190/AMF/1246126 

US-SO4 2006 35-39, 225-229, 305-309, 320-324, 335-
339 

4.15 ± 2.87 0.55 ± 0.13 17 Walt Oechel AmeriFlux US-SO4 Sky Oaks- New Stand, DOI:10.17190/AMF/1246099 

US-SRM 2006 5-9,10-14,35-39,40-44,135-139, 140-
144,165-169,170-174,200-204 

5.72 ± 5.89 0.37 ± 0.14 10 Marcy Litvak AmeriFlux US-Wjs Willard Juniper Savannah, DOI:10.17190/AMF/1246120 

US-Wjs 2013 20-24,45-49,60-64,70-74, 80-84,100-
104,120-124,135-149, 140-144, 145-149, 
170-174 

2.21 ± 0.65 0.40 ± 0.10 18 Marcy Litvak AmeriFlux US-Wjs Willard Juniper Savannah, DOI:10.17190/AMF/1246120 

CN-HBG 2003 10-15, 20-25, 30-49, 290-294, 300-304, 
345-349 

2.92 ± 1.57   0.55 ± 0.12 9 Xinquan Zhao, Asiaflux, CN-QHB, Haibei Potentilla fruticisa bosk Site 

CN-QHB 2002 45-49, 55-59, 310-314 4.49 ± 1.35 0.40 ± 0.13 59 Yanhong Tang, AsiaFlux, CN-QHB, Qinghai Flux Research Site 

AU-Stp 2010 155-164, 185-199, 225-234, 250-254, 
260-264, 270-274, 335-339, 350-354 

1.76 ± 1.07 0.40 ± 0.12 16 Jason Beringer,  Lindsay Hutley  (2008-2014) FLUXNET2015 AU-Stp Sturt Plains, DOI: 
10.18140/FLX/1440204 

AU-TTE 2013 5-9 15-39, 45-49, 70-74, 80-84, 95-99, 
120-129, 180-184, 200-204, 210-214, 
240-244, 255-259, 295-269, 280-289, 
295-299, 330-334 

3.14 ± 1.32 0.55 ± 0.16 23 James Cleverly,  Derek Eamus  (2012-2014) FLUXNET2015 AU-TTE Ti Tree East, DOI: 
10.18140/FLX/1440205 

AU-Ync 2014 275-279, 285-294, 300-304, 340-344, 
360-364 

5.09 ± 1.91 0.52 ± 0.11 16 Jason Beringer,  Jeffery Walker  (2012-2014) FLUXNET2015 AU-Ync Jaxa, DOI: 
10.18140/FLX/1440208 
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Table S1. Sites with ventilation events. The table provides information for each ID site about (in order of appearance): the 

year analyzed; the five-day periods (beginning and ending day of years) where our algorithm indicates VE-driven CO2 

emissions according to the established criteria; the average of the CO2 fluxes (Fc) maximum over all VE events detected (Fc 

potential; µmolCO2 m-2 s-1); the mean and standard deviation values of Spearman coefficients obtained from partial 

correlation between Fc and friction velocity (u*) over all VE events detected (Fc-u* corr) with an asterisk indication of sites 

with less than two periods of anomalous events (p < 0.05); an indication of uncertainty through information of percentage 

of gaps in the Fc time series (% gaps); and the citation information. 
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Site ID Site Country IGBP KGCC Latitude Longitude MAT MAP Data Base DOI 
AU-DaP Australia GRA Aw -14.159 131.388 25 801 Fluxnet http://dx.doi.org/10.18140/FLX/1440123 

AU-Emr Australia GRA BWk -23.859 148.475 22 527 Fluxnet http://dx.doi.org/10.18140/FLX/1440198 

AU-RDF Australia WSA BWh -14.564 132.478 26 600 Fluxnet http://dx.doi.org/10.18140/FLX/1440201 

BE-Lon Belgium CRO Cfb 50.552 4.746 10 800 Fluxnet http://dx.doi.org/10.18140/FLX/1440129 

CN-HaM China GRA ET 37.370 101.180 -1 565 Fluxnet http://dx.doi.org/10.18140/FLX/1440190 

ES-Amo Spain OSH BSk 36.834 -2.252 18 220 Fluxnet http://dx.doi.org/10.18140/FLX/1440156 

ES-Lju Spain OSH Csa 36.927 -2.752 16 400 Fluxnet http://dx.doi.org/10.18140/FLX/1440157 

ES-Ln2 Spain OSH Csa 36.970 -3.476 6 800 Fluxnet http://dx.doi.org/10.18140/FLX/1440226 

FR-Gri France CRO Cfb 48.844 1.952 12 650 Fluxnet http://dx.doi.org/10.18140/FLX/1440162 

IT-Bci Italy CRO Csa 40.524 14.957 18 600 Fluxnet http://dx.doi.org/10.18140/FLX/1440166 

RU-Cok Russia OSH Dfc 70.829 147.494 -14 232 Fluxnet http://dx.doi.org/10.18140/FLX/1440182 

RU-Ha1 Russia GRA Dfc 54.725 90.002 2 384 Fluxnet http://dx.doi.org/10.18140/FLX/1440184 

US-AR1 United States GRA Cfa 36.427 -99.420 14 550 Fluxnet http://dx.doi.org/10.18140/FLX/1440103 

US-AR2 United States GRA Cfa 39.636 -99.598 15 419 Fluxnet http://dx.doi.org/10.18140/FLX/1440104 

US-ARM United States CRO Cfa 36.606 -97.489 15 843 Fluxnet http://dx.doi.org/10.18140/FLX/1440066 

US-IB2 United States GRA Dfa 41.841 -88.241 9 930 Fluxnet http://dx.doi.org/10.18140/FLX/1440072 

US-LWW United States GRA Cfa 34.960 -97.979 16 805 Fluxnet http://dx.doi.org/10.18140/FLX/1440077 

US-Ne1 United States CRO Dfa 41.165 -96.477 10 790 Fluxnet http://dx.doi.org/10.18140/FLX/1440084 

US-Ne2 United States CRO Dfa 41.165 -96.470 10 789 Fluxnet http://dx.doi.org/10.18140/FLX/1440085 

US-Ne3 United States CRO Dfa 41.180 -96.439 10 784 Fluxnet http://dx.doi.org/10.18140/FLX/1440086 

US-SRG United States GRA BSk 31.908 -110.839 17 420 Fluxnet http://dx.doi.org/10.18140/FLX/1440114 

US-Twt United States CRO Csa 38.109 -121.653 16 421 Fluxnet http://dx.doi.org/10.18140/FLX/1440106 

US-Var United States GRA Csa 38.413 -120.951 16 559 Fluxnet http://dx.doi.org/10.18140/FLX/1440094 

US-Whs United States OSH BSk 31.744 -110.052 18 320 Fluxnet http://dx.doi.org/10.18140/FLX/1440097 

US-Wkg United States GRA BSk 31.737 -109.942 16 407 Fluxnet http://dx.doi.org/10.18140/FLX/1440096 

ZA-Kru South Africa SAV BSh -25.020 31.497 22 547 Fluxnet http://dx.doi.org/10.18140/FLX/1440188 

MX-Lpa Mexico OSH BWh 24.129 -110.438 24 182 AmeriFlux http://dx.doi.org/10.17190/AMF/1246014 
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US-A74 United States CRO Cfa 36.809 -97.549 34 889 AmeriFlux http://dx.doi.org/10.17190/AMF/1436328 

US-Aud United States GRA BSk 31.591 -110.510 15 438 AmeriFlux http://dx.doi.org/10.17190/AMF/1246028 

US-Bo1 United States CRO Dfa 40.006 -88.290 11 991 AmeriFlux http://dx.doi.org/10.17190/AMF/1246036 

US-Bo2 United States CRO Dfa 40.009 -88.290 11 991 AmeriFlux http://dx.doi.org/10.17190/AMF/1246037 

US-Br1 United States CRO Dfa 41.975 -93.691 9 842 AmeriFlux http://dx.doi.org/10.17190/AMF/1246038 

US-Ctn United States GRA BSk 43.950 -101.847 10 228 AmeriFlux http://dx.doi.org/10.17190/AMF/1246117 

US-Fwf United States GRA Csb 35.445 -111.772 8 557 AmeriFlux http://dx.doi.org/10.17190/AMF/1246052 

US-IB1 United States CRO Dfa 41.859 -88.241 9 929 AmeriFlux http://dx.doi.org/10.17190/AMF/1246065 

US-Kon United States GRA Cfa 39.082 -96.560 13 867 AmeriFlux http://dx.doi.org/10.17190/AMF/1246068 

US-Rms United States CSH BSh 43.065 -116.749 5 800 AmeriFlux http://dx.doi.org/10.17190/AMF/1375202 

US-SCd United States BSV BWh 33.652 -116.372 23 350 AmeriFlux http://dx.doi.org/10.17190/AMF/1419505 

US-SCg United States GRA Csa 33.737 -117.695 17 350 AmeriFlux http://dx.doi.org/10.17190/AMF/1419502 

US-SCw United States OSH BWh 33.605 -116.453 17 350 AmeriFlux http://dx.doi.org/10.17190/AMF/1419504 

US-Seg United States GRA BSk 34.362 -106.702 14 273 AmeriFlux http://dx.doi.org/10.17190/AMF/1246124 

US-SFP United States CRO Csa 43.241 -96.902 8 494 AmeriFlux http://dx.doi.org/10.17190/AMF/1246126 

US-SO4 United States CSH Csa 33.385 -116.641 15 484 AmeriFlux http://dx.doi.org/10.17190/AMF/1246099 

US-SRM United States WSA BSk 31.821 -110.866 18 380 AmeriFlux http://dx.doi.org/10.17190/AMF/1246120 

US-Wjs United States OSH BSk 34.426 -105.862 15 361 AmeriFlux http://dx.doi.org/10.17190/AMF/1246120 

CN-HBG China GRA Dwb 37.482 101.200 -2 600 AsiaFlux http://asiaflux.net/?page_id=1176 

CN-QHB China GRA BSk 37.607 101.332 -2 567 AsiaFlux http://asiaflux.net/index.php?page_id=94 

AU-Stp Australia GRA BSh -17.151 133.350 25 640 OzFlux http://dx.doi.org/10.18140/FLX/1440204 

AU-TTE Australia OSH BWh -22.287 133.640 21 305 OzFlux http://dx.doi.org/10.18140/FLX/1440205 

AU-Ync Australia GRA BSk -34.989 146.291 25 465 OzFlux http://dx.doi.org/10.18140/FLX/1440208 
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Table S2. Sites with ventilation events. The table provide information about the main characteristics of experimental sites 

with information for each ID site about (in order of appearance): land cover IGBP classification (IGBP), Köppen climate 

classification (KGCC), latitude, longitude, mean annual temperature (MAT; °C); mean annual precipitation (MAP; mm), 

network to which the database belongs and associated DOI.
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Site ID Site Country IGBP KGCC Latitude Longitude MAT MAP Data Base DOI 
AT-Neu Austria GRA Cfb 47.117 11.318 6 852 Fluxnet http://dx.doi.org/10.18140/FLX/1440121 

AU-Ade Australia WSA Aw -13.077 131.118 28 1460 Fluxnet http://dx.doi.org/10.18140/FLX/1440193 

AU-DaS Australia SAV Aw -14.159 131.388 27 976 Fluxnet http://dx.doi.org/10.18140/FLX/1440122 

AU-Dry Australia SAV Aw -15.259 132.371 28 1170 Fluxnet http://dx.doi.org/10.18140/FLX/1440197 

AU-GWW Australia SAV - -30.191 120.654 19 240 Fluxnet http://dx.doi.org/10.18140/FLX/1440200 

CA-NS6 Canada OSH Dfc 55.917 -98.964 -3 495 Fluxnet http://dx.doi.org/10.18140/FLX/1440041 

CA-NS7 Canada OSH Dfc 56.636 -99.948 -4 483 Fluxnet http://dx.doi.org/10.18140/FLX/1440042 

CA-SF3 Canada OSH Dfc 54.092 -106.005 0 470 Fluxnet http://dx.doi.org/10.18140/FLX/1440048 

CG-Tch Congo SAV Aw -4.289 11.656 26 1150 Fluxnet http://dx.doi.org/10.18140/FLX/1440142 

CH-Cha Switzerland GRA Dwb 47.210 8.410 10 1136 Fluxnet http://dx.doi.org/10.18140/FLX/1440131 

CH-Fru Switzerland GRA Cfb 47.116 8.538 7 1651 Fluxnet http://dx.doi.org/10.18140/FLX/1440133 

CH-Oe1 Switzerland GRA Cfb 47.286 7.732 9 1100 Fluxnet http://dx.doi.org/10.18140/FLX/1440135 

CN-Du2 China GRA Dwb 42.047 116.284 2 319 Fluxnet http://dx.doi.org/10.18140/FLX/1440140 

CN-Du3 China GRA Dwb 42.055 116.281 - - Fluxnet http://dx.doi.org/10.18140/FLX/1440210 

CZ-BK2 Czech Rep. GRA Dfb 49.494 18.543 7 1316 Fluxnet http://dx.doi.org/10.18140/FLX/1440144 

DE-Gri Germany GRA Cfb 50.950 13.513 8 901 Fluxnet http://dx.doi.org/10.18140/FLX/1440147 

DE-Kli Germany CRO Cfb 50.893 13.522 8 842 Fluxnet http://dx.doi.org/10.18140/FLX/1440149 

DE-RuS Germany CRO Cfb 50.866 6.447 10 700 Fluxnet http://dx.doi.org/10.18140/FLX/1440216 

DK-Eng Denmark GRA Cfb 55.691 12.192 8 613 Fluxnet http://dx.doi.org/10.18140/FLX/1440153 

DK-ZaH Denmark GRA ET 74.473 -20.550 -9 211 Fluxnet http://dx.doi.org/10.18140/FLX/1440224 

ES-LgS Spain OSH Csa 37.098 -2.966 6 800 Fluxnet http://dx.doi.org/10.18140/FLX/1440225 

FI-Jok Finland CRO Dfb 60.899 23.513 5 627 Fluxnet http://dx.doi.org/10.18140/FLX/1440159 

IT-Noe Italy CSH Csa 40.606 8.152 16 588 Fluxnet http://dx.doi.org/10.18140/FLX/1440171 

IT-Tor Italy GRA Dfc 45.844 7.578 3 920 Fluxnet http://dx.doi.org/10.18140/FLX/1440237 

NL-Hor Netherlands GRA Cfb 52.240 5.071 10 800 Fluxnet http://dx.doi.org/10.18140/FLX/1440177 
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PA-SPs Panama GRA Am 9.314 -79.631 27 2350 Fluxnet http://dx.doi.org/10.18140/FLX/1440179 

RU-Sam Russia GRA Dfd 72.374 126.496 -13 124 Fluxnet http://dx.doi.org/10.18140/FLX/1440185 

RU-Vrk Russia CSH Dfc 67.055 62.940 -6 501 Fluxnet http://dx.doi.org/10.18140/FLX/1440245 

SD-Dem Sudan SAV BWh 13.283 30.478 26 320 Fluxnet http://dx.doi.org/10.18140/FLX/1440186 

US-Cop United States GRA BSk 38.090 -109.390 - - Fluxnet http://dx.doi.org/10.18140/FLX/1440100 

US-Goo United States GRA Cfa 34.255 -89.874 16 1426 Fluxnet http://dx.doi.org/10.18140/FLX/1440070 

US-KS2 United States CSH Cfa 28.609 -80.672 22 1294 Fluxnet http://dx.doi.org/10.18140/FLX/1440075 

US-Lin United States CRO - 36.357 -119.842 - - Fluxnet http://dx.doi.org/10.18140/FLX/1440107 

US-Sta United States OSH Bsh 41.397 -106.802 5 - Fluxnet http://dx.doi.org/10.18140/FLX/1440115 

US-Ton United States WSA Csa 38.432 -120.966 16 559 Fluxnet http://dx.doi.org/10.18140/FLX/1440092 

US-Tw2 United States CRO Csa 38.105 -121.643 16 421 Fluxnet http://dx.doi.org/10.18140/FLX/1440109 

US-Wi6 United States OSH Dfb 46.625 -91.298 - - Fluxnet http://dx.doi.org/10.18140/FLX/1440060 

CA-Let Canada GRA Dfb 49.709 -112.940 5 398 AmeriFlux http://dx.doi.org/10.17190/AMF/1436318 

US-A32 United States GRA Cfa 36.819 -97.820 34 889 AmeriFlux http://dx.doi.org/10.17190/AMF/1436327 

US-An1 United States OSH Dfc 68.990 -150.280 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246142 

US-An2 United States OSH Dfc 68.950 -150.210 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246143 

US-An3 United States OSH Dfc 68.930 -150.270 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246144 

US-ARb United States GRA Cfa 35.550 -98.040 10 860 AmeriFlux http://dx.doi.org/10.17190/AMF/1246025 

US-ARc United States GRA Cfa 35.546 -98.040 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246026 

US-Bi2 United States CRO Csa 38.109 -121.535 16 338 AmeriFlux http://dx.doi.org/10.17190/AMF/1419513 

US-Bkg United States GRA Cfa 44.345 -96.836 6 586 AmeriFlux http://dx.doi.org/10.17190/AMF/1246040 

US-Bn3 United States OSH Dsc 63.923 -145.744 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246035 

US-Br3 United States CRO Dfa 41.975 -93.694 9 847 AmeriFlux http://dx.doi.org/10.17190/AMF/1246039 

US-CaV United States GRA Cfb 39.063 -79.421 8 1317 AmeriFlux http://dx.doi.org/10.17190/AMF/1246042 

US-Ced United States CSH Cfa 39.838 -74.379 11 1138 AmeriFlux http://dx.doi.org/10.17190/AMF/1246043 

US-Cop United States GRA BSk 38.090 -109.390 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246129 

US-Goo United States GRA Cfa 34.255 -89.874 16 1426 AmeriFlux http://dx.doi.org/10.17190/AMF/1246058 
US-CRT United States CRO Dfa 41.628 -83.347 10 849 AmeriFlux http://dx.doi.org/10.17190/AMF/1246156 
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US-Dia United States GRA Csa 37.677 -121.530 16 265 AmeriFlux http://dx.doi.org/10.17190/AMF/1246146 

US-Dk1 United States GRA Cfa 35.971 -79.093 14 1170 AmeriFlux http://dx.doi.org/10.17190/AMF/1246046 

US-EML United States OSH ET 63.878 -149.254 -1 378 AmeriFlux http://dx.doi.org/10.17190/AMF/1418678 

US-FPe United States GRA BSk 48.308 -105.102 5 335 AmeriFlux http://dx.doi.org/10.17190/AMF/1246053 

US-FR2 United States WSA Cfa 29.949 -97.996 19 864 AmeriFlux http://dx.doi.org/10.17190/AMF/1246054 

US-FR3 United States CSH Cfa 29.940 -97.990 20 869 AmeriFlux http://dx.doi.org/10.17190/AMF/1246055 

US-ICh United States OSH ET 68.607 -149.296 -7 318 AmeriFlux http://dx.doi.org/10.17190/AMF/1246133 

US-ICt United States OSH ET 68.606 -149.304 -7 318 AmeriFlux http://dx.doi.org/10.17190/AMF/1246131 

US-KFS United States GRA Cfa 39.056 -95.191 12 1014 AmeriFlux http://dx.doi.org/10.17190/AMF/1246132 

US-KUT United States GRA Dfa 44.995 -93.186 8 777 AmeriFlux http://dx.doi.org/10.17190/AMF/1246145 

US-Pon United States CRO Cfa 36.767 -97.133 15 866 AmeriFlux http://dx.doi.org/10.17190/AMF/1246091 

US-Rls United States CSH Bsh 43.144 -116.736 8 333 AmeriFlux http://dx.doi.org/10.17190/AMF/1418682 

US-Ro1 United States CRO Cfa 44.714 -93.090 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1246092 

US-Ro2 United States CRO Cfa 44.729 -93.089 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1418683 

US-Ro3 United States CRO Cfa 44.722 -93.089 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1246093 

US-Ro4 United States GRA Dfa 44.678 -93.072 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1419507 

US-Ro5 United States CRO Dfa 44.691 -93.058 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1419508 

US-Ro6 United States CRO Dfa 44.695 -93.058 6 879 AmeriFlux http://dx.doi.org/10.17190/AMF/1419509 

US-Rws United States OSH BSk 43.168 -116.713 9 290 AmeriFlux http://dx.doi.org/10.17190/AMF/1375201 

US-SCs United States OSH Csa 33.734 -117.696 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1419501 

US-SdH United States GRA Dsb 42.069 -101.407 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246136 

US-Ses United States OSH BSk 34.335 -106.744 14 275 AmeriFlux http://dx.doi.org/10.17190/AMF/1246125 

US-Shd United States GRA Cfa 36.933 -96.683 14 898 AmeriFlux http://dx.doi.org/10.17190/AMF/1246095 

US-Snd United States GRA Csa 38.037 -121.754 16 358 AmeriFlux http://dx.doi.org/10.17190/AMF/1246094 

US-Sne United States GRA Csa 38.037 -121.755 16 311 AmeriFlux http://dx.doi.org/10.17190/AMF/1418684 

US-SO2 United States CSH Csa 33.374 -116.623 14 553 AmeriFlux http://dx.doi.org/10.17190/AMF/1246097 

US-SO3 United States CSH Csa 33.377 -116.623 13 576 AmeriFlux http://dx.doi.org/10.17190/AMF/1246098 

US-SuM United States CRO Aw 20.798 -156.454 24 287 AmeriFlux http://dx.doi.org/10.17190/AMF/1246158 
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US-SuS United States CRO Aw 20.785 -156.404 24 334 AmeriFlux http://dx.doi.org/10.17190/AMF/1246159 

US-SuW United States CRO Aw 20.825 -156.491 24 366 AmeriFlux http://dx.doi.org/10.17190/AMF/1246157 

US-Wdn United States OSH Bsh 40.784 -106.262 3 - AmeriFlux http://dx.doi.org/10.17190/AMF/1246832 

US-Wi7 United States OSH Dfb 46.649 -91.069 - - AmeriFlux http://dx.doi.org/10.17190/AMF/1246022 

US-Wlr United States GRA Cfa 37.521 -96.855 14 881 AmeriFlux http://dx.doi.org/10.17190/AMF/1246115 

CN-HFK China CRO Cfa 37.607 101.332 13 1306 AsiaFlux http://asiaflux.net/index.php?page_id=60 

CN-KBU China GRA BSk 47.214 108.737 1 196 AsiaFlux http://asiaflux.net/index.php?page_id=66 

CN-YCS China CRO Cwa 36.833 116.570 13 528 AsiaFlux http://asiaflux.net/?page_id=1178 

NZ-Bfm New Zealand CRO 
 
- -43.593 171.928 11 900 OzFlux 

http://www.ozflux.org.au/monitoringsites/
beaconfarm/beaconfarm_description.html 

Boyagin Australia WSA 
 

-32.477 116.939 17 445 OzFlux 
http://www.science.uwa.edu.au/centres/la
nd/boyagin 

AU-Gin Australia WSA Csa -31.376 115.714 24 641 OzFlux http://dx.doi.org/10.18140/FLX/1440199 

AU-How Australia SAV Aw -12.494 131.152 27 1700 OzFlux http://dx.doi.org/10.18140/FLX/1440125 

AU-Lit Australia SAV 
 
- -13.179 130.795 - - OzFlux 

http://www.science.uwa.edu.au/centres/la
nd/litchfield 

AU-Nim Australia GRA 
 

Cfb -36.216 148.553 23 1700 OzFlux 
http://www.ozflux.org.au/monitoringsites/
nimmo/index.html 

AU-Rgf Australia CRO 
 

Csa -32.506 116.967 17 446 OzFlux 
http://www.ozflux.org.au/monitoringsites/
ridgefield/index.html 

AU-Sam Australia CRO 
 
- -27.388 152.878 20 1102 OzFlux 

http://www.ozflux.org.au/monitoringsites/
samford/index.html 
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Table S3. Sites without ventilation events. The table provide information about the main characteristics of experimental 

sites with information for each ID site about (in order of appearance): land cover IGBP classification (IGBP), Köppen climate 

classification (KGCC), latitude, longitude, mean annual temperature (MAT; °C); mean annual precipitation (MAP; mm), 

network to which the database belongs and associated DOI. 
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MATLAB CODE FOR FLUXNET, AMERIFLUX AND 

ASIAFLUX DATABASES 

 
clear 
clc 
 
[data]=csvread('D:\file.csv'); 
 
%% We divide the file by years 
% Leap years=2000,2004,2008,2012,2016 are n=17568. 
[m,n]=size(data); 
m1=17520; 
data2003=data(1:m1,1:n); 
m11=m1+1; 
m2=17568+17520; 
data2004=data(m11:m2,1:n); 
m21=m2+1; 
m3=17568+17520+17520; 
data2005=data(m21:m3,1:n); 
m31=m3+1; 
m4=17520+17568+17520+17520; 
data2006=data(m31:m4,1:n); 
clearvars m1 m11 m2 m21 m3 m31 m4  
  
%% The column of each variable varies between databases 
clc 
variable1=data2003(:,42);   %Ustar 
variable1name=textdata(:,42) 
variable2=data2003(:,77);   %NEE_VUT 
variable2name=textdata(1,77) 
variable3=data2003(:,35);  %precipitación 
variable3name=textdata(1,35) 
variable4=data2003(:,79);  %QC NEE.  
variable4name=textdata(1,79); 
variable5=data2003(:,31);  % TA air temperature 
variable5name=textdata(1,31) 
variable6=data2003(:,6);  % VPD 
variable6name=textdata(1,6) 
variable7=data2003(:,27);  % PA 
variable7name=textdata(1,27) 
variable8=data2003(:,43);  % NETRADiation. 
variable8name=textdata(1,43) 
variable9=data2003(:,49);  % TS 
variable9name=textdata(1,49) 
variable10=data2003(:,51);  % SWC  
variable10name=textdata(1,51) 
variable11=data2003(:,47);  % C02 
variable11name=textdata(1,47) 
variable13=data2003(:,12);  % SW_IN 
variable13name=textdata(1,12) 
  
%% Doy column is prepared aside. 
[doyB]=xlsread('D \Doyb');     % Leap year 
[doy]=xlsread('D:\Doy');     
 
%% 
%For QC values other tan O I use NaN instead. 
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[i,j]=find(variable4~=(0)); 
variable2(i,:)=[NaN]; 
   
  
%% I use NaN instead -9999  
  
missval=find(variable1==-9999); missval2=find(variable2==-9999); 
missval3=find(variable3==-9999); missval4=find(variable4==-9999);  
missval5=find(variable5==-9999); missval6=find(variable6==-9999); 
missval7=find(variable7==-9999); missval8=find(variable8==-9999);  
missval9=find(variable9==-9999); missval10=find(variable10==-9999); 
missval11=find(variable11==-9999); missval13=find(variable13==-9999); 
  
variable1(missval,:)=NaN; variable2(missval2,:)=NaN; 
variable3(missval3,:)=NaN; variable4(missval4,:)=NaN;  
variable5(missval5,:)=NaN; variable6(missval6,:)=NaN; 
variable7(missval7,:)=NaN; variable8(missval8,:)=NaN; 
variable9(missval9,:)=NaN; variable10(missval10,:)=NaN;  
variable11(missval11,:)=NaN;variable13(missval13,:)=NaN; 
  
clearvars missval missval2 missval3 missval4 missval5 missval6 
missval7 missval8 missval9 missval10 missval11 missval12 missval13 
missval14 missval15 
  
clc 
  
%% The algorithm of detection 
  
for o=1:360 
  
s = o(mod(o, 5) == 0);     %each five days 
for m=s 
USTAR=variable1; NEE_VUT=variable2; PRECIPITAC=variable3; 
TA=variable5; VPD=variable6; PA=variable7; NETRAD=variable8; 
TS=variable9; SWC=variable10; CO2=variable11; SW_IN=variable13; 
%doy=doyB; %Use instead for Leap year 
doyy=doy; 
  
    m;  
     t=m+5;  
     [n,j]=find((doy<=m)|(doy>=t)); 
    
USTAR(n,:)=[]; NEE_VUT(n,:)=[]; PRECIPITAC(n,:)=[]; TA(n,:)=[]; 
VPD(n,:)=[]; PA(n,:)=[]; NETRAD(n,:)=[]; TS(n,:)=[]; SWC(n,:)=[]; 
SW_IN(n,:)=[]; CO2(n,:)=[];  
%doyBB(n,:)=[];  
doyy(n,:)=[]; 
  
  [k,j]=find((SW_IN<50)|(NEE_VUT<0)|(PRECIPITAC>0.00001)|(USTAR<0.2));    
%Only daytime [shortwave radiation incoming (SW_IN) or photosynthetic 
photon flux density incoming (PPFD_IN) > 50 W m-2], positive fluxes 
[net ecosystem exchange (NEE) or carbon dioxide flux [Fc] > 0 µmolCO2 
m-2 s-1], and with high-turbulence conditions [u* > 0.2 m s-1] data 
were used 
USTAR(k,:)=[]; NEE_VUT(k,:)=[]; PRECIPITAC(k,:)=[]; TA(k,:)=[]; 
VPD(k,:)=[]; PA(k,:)=[]; NETRAD(k,:)=[]; TS(k,:)=[]; SWC(k,:)=[]; 
CO2(k,:)=[]; SW_IN(k,:)=[]; 
%doyBB(k,:)=[];  
doyy(k,:)=[]; 
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    mm=m+1; 
    tt=t-1; 
     [nn,j]=find((doyy<=m)|(doyy>=mm)); 
     SWC_day1=SWC; 
     SWC_day1(nn,:)=[]; 
     [nnn,j]=find((doyy<=tt)|(doyy>=t)); 
     SWC_day5=SWC; 
     SWC_day5(nnn,:)=[]; 
    difSWC=abs(nanmean(SWC_day5)-nanmean(SWC_day1)); 
    if (1>=difSWC)    % only mean soil water content (SWC) absolute 
difference between day 1st and 5th < 1 %. 
     
     [nn,j]=find((doyy<=m)|(doyy>=mm)); 
     TA_day1=TA; 
     TA_day1(nn,:)=[]; 
     [nnn,j]=find((doyy<=tt)|(doyy>=t)); 
     TA_day5=TA; 
     TA_day5(nnn,:)=[]; 
    difTA=abs(nanmean(TA_day5)-nanmean(TA_day1)); 
    if (3>=difTA)      %only mean air temperature (TA) absolute 
difference between day 1st and 5th < 3 °C. 
  
x=[NEE_VUT USTAR TA VPD PA TS SWC SW_IN];  %five days matrix 
  
 isnanx=isnan(x); 
 [rho,pval]=partialcorr(x,'Type','Spearman','Rows','complete'); 
rho;    
pval;   
  
U_NEE_correl=rho(2,1); 
U_NEE_pvalor=pval(2,1); 
  
if (U_NEE_correl>=0.2)&&(U_NEE_pvalor<=0.05); 
    
 % Here are only the values of u* and NEE that had passes all the 
filters and with significant correlation. I establish a minimum of 
0.2. 
 
 % To show the data of interest 
 
[N,X]=size(USTAR); 
N      
YEAR=2003 
DAY_1=m  
DAY_5=t-1    
x  
rho  
pval 
  
U_NEE_correl 
U_NEE_pvalor 
 
  
end 
end 
end   
end 
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MATLAB CODE FOR OZFLUX DATABASE (NET.CDF 

FILES) 

%% Open toolbox mexnc and snctools 
addpath(genpath('C:\Program Files\MATLAB\R2017a\toolbox\mexnc')) 
addpath(genpath('C:\Program Files\MATLAB\R2017a\toolbox\snctools')) 
cd('C:\file\') 
variables = nc_getall ('file_year_level.nc') 
  
%% 
nc_dump('file_year_level.nc')  %metadata 
  
names = 
{'Day','Fc','Fc_QCFlag','Fld','Flu','Fm','Fsd','Fsu','Hour','Minute','
Second','Month','Precip','Sws','Ta','Ts','Wd_CSAT','Ws_CSAT','Year','p
s','ustar','ustar_QCFlag','xlDateTime'}; 
%names = {'Ah','xlDateTime'}; 
  
for i=1:length(names) 
   c.(char(names(i))) = nc_varget('RDMF_2012_L3.nc',names{i});  
end 
  
  
%% 
Day=c.Day; Month=c.Month; Hour=c.Hour; Minute=c.Minute; 
Second=c.Second; Year=c.Year; xlDateTime = c.xlDateTime; 
Fc=c.Fc; ustar=c.ustar; Precip=c.Precip; Swc=c.Sws; Ta=c.Ta; Ts=c.Ts; 
Pa=c.ps; Sw_in=c.Fsd; 
  
%DateVector = [Year,Month,Day,Hour,Minute,Second]; 
%% 
t1 = datetime(Year(1),Month(1),Day(1),Hour(1),Minute(1),Second(1)); 
t2 = 
datetime(Year(end),Month(end),Day(end),Hour(end),Minute(end),Second(en
d)); 
t = (t1:(1/(24*2)):t2)'; 
date=datevec(t); 
daten = datenum(t); 
doy=daten-datenum(2012,1,1,0,0,0);   %2012 is the year selected in 
that case 
  
%% I use NaN instead -9999 
  
missval=find(Fc==-9999); missval2=find(ustar==-9999); 
missval3=find(Precip==-9999); missval4=find(Swc==-9999); 
missval5=find(Ta==-9999);  
missval6=find(Ts==-9999); missval7=find(Pa==-9999);  
missval8=find(Sw_in==-9999); 
  
Fc(missval,:)=NaN; ustar(missval2,:)=NaN; Precip(missval3,:)=NaN; 
Swc(missval4,:)=NaN; Ta(missval5,:)=NaN; Ts(missval6,:)=NaN;  
Pa(missval7,:)=NaN;  Sw_in(missval8,:)=NaN;  
%% 
  
 
%% The algorithm of detection 
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for o=1:360 
  
s = o(mod(o, 5) == 0);      %each five days 
for m=s 
      
USTAR=ustar;FC=Fc;PRECIP=Precip; TA=Ta; PA=Pa; TS=Ts; SWC=Swc; 
SW_IN=Sw_in; doyy=doy; 
  
    m;  
     t=m+5;  
     [n,j]=find((doy<=m)|(doy>=t)); 
      
USTAR(n,:)=[]; FC(n,:)=[]; PRECIP(n,:)=[]; TA(n,:)=[]; 
PA(n,:)=[]; TS(n,:)=[]; SWC(n,:)=[]; SW_IN(n,:)=[]; doyy(n,:)=[]; 
  
[k,j]=find((SW_IN<50)|(FC<0)|(PRECIP~=0));    
%Only daytime [shortwave radiation incoming (SW_IN) or photosynthetic 
photon flux density incoming (PPFD_IN) > 50 W m-2], positive fluxes 
[net ecosystem exchange (NEE) or carbon dioxide flux [Fc] > 0 µmolCO2 
m-2 s-1], and with high-turbulence conditions [u* > 0.2 m s-1] data 
were used 
USTAR(k,:)=[]; FC(k,:)=[]; PRECIP(k,:)=[]; TA(k,:)=[]; 
PA(k,:)=[]; TS(k,:)=[]; SWC(k,:)=[]; SW_IN(k,:)=[]; doyy(k,:)=[]; 
  
    mm=m+1; 
    tt=t-1; 
     [nn,j]=find((doyy<=m)|(doyy>=mm)); 
     SWC_day1=SWC; 
     SWC_day1(nn,:)=[]; 
     [nnn,j]=find((doyy<=tt)|(doyy>=t)); 
     SWC_day5=SWC; 
     SWC_day5(nnn,:)=[]; 
    difSWC=abs(nanmean(SWC_day5)-nanmean(SWC_day1)); 
    if (1>=difSWC)    % only mean soil water content (SWC) absolute 
difference between day 1st and 5th < 1 %. 
     
     [nn,j]=find((doyy<=m)|(doyy>=mm)); 
     TA_day1=TA; 
     TA_day1(nn,:)=[]; 
     [nnn,j]=find((doyy<=tt)|(doyy>=t)); 
     TA_day5=TA; 
     TA_day5(nnn,:)=[]; 
    difTA=abs(nanmean(TA_day5)-nanmean(TA_day1)); 
    if (3>=difTA)       
%only mean air temperature (TA) absolute difference between day 1st 
and 5th < 3 °C. 
  
x=[FC USTAR TA PA TS SWC SW_IN doyy]; 
 
isnanx=isnan(x); 
  
 [rho,pval]=partialcorr(x,'Type','Spearman','Rows','complete'); 
rho; 
pval; 
  
  
if (U_NEE_correl>=0.2)&&(U_NEE_pvalor<=0.05); 
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 % Here are only the values of u* and NEE that had passes all the 
filters and with significant correlation. I establish a minimum of 
0.2. 
 
 % To show the data of interest 
 
[N,X]=size(USTAR) 
N 
YEAR=Year(1) 
DAY_1=m 
DAY_5=t-1 
x  
rho  
pval 
  
U_NEE_correl=rho(2,1) 
U_NEE_pvalor=pval(2,1) 
  
  
  
end 
end 
end   
end 
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GENERAL CONCLUSSIONS 
 

1. Pressure tides played a dominant role in regulating CO2 storage and 

vertical transport in Balsa Blanca and Amoladeras. Changes in 

atmospheric pressure conditions induced the expansion or contraction 

of the air stored in soil pores within the vadose zone, inducing a natural 

“soil breathing phenomenon”. The effect of pressure tides was stronger 

in deep. 

2. Pressure tides produced changes in soil CO2 concentration at 

semidiurnal, diurnal, synoptic and monthly time-scales. The monthly 

pattern supposed the first published insights in the relation between 

lunar forcing and subterranean CO2 fluctuations. 

3. Proximity to the coast, could influence the atmospheric pressure tide 

effect on soil CO2 molar fraction (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. Fluctuations in the water table could change the 

volume of the vadose zone and could influence in the depth of air 

penetration. 

4. Biotic and abiotic processes involved in transport and exchange with the 

atmosphere differed between soil layers producing discontinuities. The 

χc at 0.05 m depth was controlled by soil moisture, soil temperature, 

pressure pumping and ventilation, being rain pulses events the most 

important factor controlling the carbon dynamic. The χc in the deeper 

layers (0.5 and 1.5 m), by other side, was influenced mainly by pressure 

tides. The subsurface layer (0.15 m) acted as an interphase layer and was 

affected by all the environmental factors studied. 

5. The influence of soil water content on χc at 0.05 m was determined by 

the type of precipitation event. The magnitude of the effect of each rain 

pulse was conditioned by the antecedent soil moisture, precipitation 
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magnitude, and the available organic matter supply for microbial 

respiration. With small precipitation events, the slow water infiltration 

only permeates into the soil surface (0.05 m) and the soil subsurface (0.15 

m) layers. During a large precipitation event or events of intense rain 

(>15 mm) water could descend up to 1.5 m in the same day (data not 

shown). Only large rain events (>15 mm) triggered a χc increase in the 

daily pattern at the subsurface soil (0.15 m).  

6. The physical decoupling found between pressure tides, pressure 

pumping and ventilation suggest that pressure tides would not be 

related with CO2 emissions and its role in the ecosystem carbon dynamic 

would be related with the CO2 vertical transport facilitating to be vented 

by pressure pumping and ventilation. 

7. Petrophysical properties of soil medium, such as permeability and 

connectivity, are pivotal factors in the abiotic factors influence above the 

soil CO2 dynamics. Land degradation can also potentially enhance 

interconnectivity between vadose zone and atmosphere. 

8. Over the whole study period (2014-2016), the annual cumulative soil 

CO2 efflux was positive in Amoladeras (AM) and Balsa Blanca (BB). The 

average soil CO2 efflux was 254 ± 92 g C m−2 year−1 in AM and 405 ± 

156 g C m−2 year−1 in BB, being BB the ecosystem with the lower 

degradation status. 

9. Subterranean ventilation (VE) was demonstrated be relevant at global 

scale. Experimental sites with CO2 emissions that could be mainly 

produced by VE were common and spread around the world. The 34% 

of the sites analyzed (145 sites) reported the occurrence of VE events. 

This vented CO2 was found mainly in arid ecosystems (84%) and sites 

with hot and dry periods. These findings will suppose the first 

publication about this issue at global scale. 
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10. The occurrence and magnitude of the CO2 emissions produced by VE 

were directly related with the intensity of the atmospheric turbulence in 

the surface. No evident differences were found between the ecosystem 

CO2 flux and the friction velocity (indicator of turbulence) relationship 

among the climatic zones that showed VE events. 

11. Most VE events were detected during dry conditions, with soil water 

content values below the 30th percentile of site-specific annual soil 

moisture. This dryness condition can correspond to an inherent feature 

of the ecosystem or to a climate extreme, such as a drought event. 

12. The ventilation detection algorithm can efficiently detect CO2 emissions 

produced by VE and constitutes a useful tool to its detection to be used 

in future researches. 
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CONCLUSIONES GENERALES 
 

1. Las mareas de presión juegan un papel fundamental en regular el 

almacenamiento del CO2 del suelo y el transporte vertical en Balsa 

Blanca y Amoladeras. Los cambios en la presión atmosférica inducen la 

expansión y contracción del aire almacenado en los poros del suelo de la 

zona vadosa lo que produce un fenómeno natural de “respiración del 

suelo”. El efecto de las mareas de presión es mayor a más profundidad. 

2. Las mareas de presión producen cambios en el CO2 del suelo a escala 

semidiurna, diurna, sinóptica y mensual. El patrón de variación mensual 

supone el primer indicio publicado de la influencia de la luna en la 

variación de CO2 subterráneo.  

3. La proximidad a la costa podría influir en el efecto de marea de presión 

en la fracción molar del CO2 del suelo (χc) y explicar el hecho de que el 

rango de variación en χc y el efecto de este fenómeno sea mayor en 

Amoladeras. Las fluctuaciones en el nivel freático alteran el volumen de 

zona vadosa y podrían influir en la profundidad de penetración del aire.  

4. Los procesos bióticos y abióticos vinculados en el transporte e 

intercambio de CO2 con la atmósfera varían en las diferentes 

profundidades del suelo produciendo discontinuidades. La χc a 0.05 m es 

controlada por la humedad y temperatura del suelo, el bombeo por 

presión y ventilación, siendo los pulsos de lluvia el factor más importante 

en controlar la dinámica del CO2. La χc en profundidad (0.50 y 1.50 m), 

por otro lado, es influenciado principalmente por las mareas de presión. 

La capa sub-superficial (0.15 m) actúa como una interfase y es influida 

por todos los procesos estudiados.  

5. La influencia del contenido del agua del suelo en χc a 0.05 m es 

determinada por el tipo de evento de precipitación. La magnitud del 

efecto de cada pulso de lluvia es condicionada por la humedad previa, la 
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magnitud del pulso y la materia orgánica disponible para la respiración 

microbiana del suelo. Con pequeños pulsos de lluvia, la baja capacidad de 

infiltración del agua solo penetra en la capa superficial (0.05 m) y sub-

superficial (0.15 m) del suelo. Durante los grandes pulsos de lluvia (>15 

mm) el agua puede llegar a descender hasta 1.50 m en el mismo día. Sólo 

los grandes pulsos de lluvia (> 15 mm) desencadenan un incremento del 

contenido de CO2 en el patrón diario en el perfil sub-superficial (0.15 m). 

6. El desacoplamiento físico encontrado entre las mareas de presión, el 

bombeo por presión y la ventilación sugieren que las mareas de presión 

pueden no estar relacionadas con las emisiones de CO2 del suelo y que 

su papel en la dinámica de C del ecosistema está relacionada con el 

transporte vertical de CO2 facilitando que éste sea ventilado por bombeo 

por presión y ventilación en superficie.  

7. Las propiedades petrofisicas del medio, así como su permeabilidad y 

conectividad son factores determinantes en la influencia de los factores 

abióticos en la dinámica del CO2 del suelo. La degradación del suelo 

también podría aumentar potencialmente la interconectividad entre la 

zona vadosa y la atmósfera. 

8. A lo largo de todo el período de estudio (2014-2016), el flujo de CO2 

anual emitido es positivo en Amoladeras (AM) y Balsa Blanca (BB). El 

flujo de CO2 promedio fue de 254 g C m−2 año−1 en AM y 405 g C m−2 

año−1 en BB, siendo BB el ecosistema que se encuentra en menor estado 

de degradación. 

9. La ventilación subterránea (VE) es relevante a escala global. Los sitios 

experimentales con emisiones de CO2 que pueden ser producidas 

principalmente por VE son comunes y están repartidos a lo largo del 

planeta. El 34% de los sitos analizados (145 sitios) reportaron la 

ocurrencia de eventos de VE. Estos eventos se encontraron 

principalmente en ecosistemas áridos (84%) y sitios con períodos secos y 
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cálidos. Estos resultados supondrán la primera publicación que 

demuestran la presencia de la VE a escala global. 

10. La ocurrencia y magnitud de las emisiones de CO2 producidas por VE 

están directamente relacionadas con la intensidad de la turbulencia 

atmosférica en superficie. No se han encontrado diferencias evidentes en 

la relación de flujo de CO2 del ecosistema y la velocidad de fricción 

(indicador de turbulencia) a lo largo de las zonas climáticas que muestran 

eventos de VE. 

11. La mayoría de eventos de ventilación se detectaron durante condiciones 

de sequedad, con valores de humedad del suelo por debajo del percentil 

30th de la humedad específica de cada sitio. Esta condición de sequedad 

puede responder a una característica inherente del ecosistema o a un 

fenómeno extremo, como un evento de sequía. 

12. El algoritmo de detección de VE puede detectar de forma eficaz las 

emisiones de CO2 producidas por eventos de ventilación y constituyen 

una herramienta útil para su detección en investigaciones futuras. 
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LIST OF ABREVIATIONS AND ACRONYMS 
 

 

AI    Aridity Index 

AM    Amoladeras experimental site 

BB    Balsa Blanca experimental site 

CBD    Convention on Biological Diversity 

CWT   Continuous Wavelet Transform  

DOY    Day of the year 

EC    Eddy Covariance 

GPP    Gross Primary Production 

IGBP   International Geosphere-Biosphere Programme 

IPCC    Intergovernmental Panel on Climate Change 

IR    Infrared 

IRGA   Infrared Gas Analyzer (IRGA) 

KGCC   Köppen climate classification  

MA    Millennium Ecosystem Assessment 

MAGNA   Mapa Geológico Nacional 

MAT   Mean annual temperature  

MAP    Mean annual precipitation 

NEE    Net Ecosystem Exchange 

NECB   Net Ecosystem Carbon Balance 

P    Precipitation 
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PA    Atmospheric pressure 

PAR    Photosynthetically Active Radiation 

PET    Potential Evapotranspiration 

SOC    Soil Organic Carbon 

SW_IN   Shortwave radiation incoming 

SWC    Soil Water Content 

TA    Air temperature  

TS    Soil temperature 

UNCCD   United Nations Convention to Combat Desertification 

UNEP   United Nations Environment Programme 

VE    Subterranean Ventilation 

VPD    Vapor Pressure Defficit 

VWC   Volumetric Soil Water Content 

WCA   Wavelet Coherency Analysis 

WCMC   World Conservation Monitoring Centre 

WRB   World Reference Base for Soil Resources 
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LIST OF SYMBOLS 

 

C    Carbon 

CO2    Carbon dioxide 

𝑘௦    Gas transfer coefficient 

𝐹௖௛௔௠௕௘௥    Soil CO2 flux measured with a portable soil CO2 flux 

chamber 

Fs    Soil CO2 efflux 

FC    Ecosystem CO2 efflux 

N2    Nitrogen 

p    Atmospheric pressure 

Reco    Ecosystem respiration 

Rn    Net radiation 

Tsoil    Soil temperature 

u*    Friction velocity 

ρ    CO2 density 

χc    Soil CO2 molar fraction  
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