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ABSTRACT OF THE DISSERTATION 

 
Frameworks for Analyzing the Terrestrial Carbon Flux in Response to  

Climate Variability and Extreme Events 
 

By 
 

Hassan Anjileli 
 

Doctor of Philosophy in Civil & Environmental Engineering 
 

University of California, Irvine, 2020 
 

Professor Amir AghaKouchak, Chair 
 
 
 

The terrestrial biosphere can switch between carbon source/sink by 

releasing/absorbing carbon to/from the atmosphere depending on the climate variability 

or extreme events. A lack of knowledge exists as to what extent the terrestrial biosphere 

responds to increasing temperature or extreme events (e.g., heatwaves, droughts), 

particularly at high temporal resolutions, due to missing dense in-situ spatio-temporal 

carbon flux observations. To understand, assess, and quantify the terrestrial biosphere 

carbon flux exchange in response to increasing temperatures and extreme events (i.e., 

heatwave), I have  (1) measured continuous high frequency soil respiration (Rs) through a 

unique experimental setup and (2) used global daily carbon flux from satellite observations 

and model simulations. Using continuous high frequency in-situ measurements, I present a 

novel probabilistic framework in which I provide new insights in detecting changes in the 

Rs distribution in response to shifts in hydroclimate drivers. Furthermore, I employ the 

continuous high frequency Rs data and ten additional data sites of Rs spanning the 

contiguous United States (CONUS), to characterize the relationship between Rs and 



x 
 

heatwaves. Applying the probabilistic framework mentioned earlier, I conclude that during 

heatwaves Rs rates increase significantly, on average, by ~27% relative to that of non-

heatwave conditions. This indicates that the terrestrial feedback to the carbon cycle may be 

largely underestimated without capturing these high frequency extreme events (i.e., multi-

day heatwaves). Using the available remotely sensed global daily carbon flux data, I 

quantify the response of the net ecosystem exchange (NEE) to warming, both at global and 

regional scales. I display that 1.5 oC of warming above the long-term average temperature 

(Tlgtrm) increases the likelihood of the terrestrial biosphere acting as a carbon sink by 

16.3%. Shifting to 2.0 oC above Tlgtrm does not substantially elevate the probability of 

carbon assimilation above that of 1.5 oC of warming, probably leading to higher 

anthropogenic carbon emissions in the atmosphere. Moreover, I show that the length of the 

carbon uptake period increases for study regions below 50o N by ~53 days, on average, 

which is almost twice as much as that for sites above 50o N (~27 days). 
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INTRODUCTION 
 

Since the industrial revolution in the 19th Century, the atmospheric global mean CO2 

concentration increased from 280 parts per million (ppm) continuously to ~410 ppm 

(2019) (NASA, 2019; US Department of Commerce, n.d.). The elevated CO2 concentration in 

the atmosphere (eCO2) can be traced back to anthropogenic drivers (Franklin et al., 2016; 

Wolf et al., 2016) such as land-use change, agriculture, waste management (Tian et al., 

2016) and also to thermogenic sources (e.g., burning fossil fuels, cement production, and 

industrial processes) (Hampicke, 1979; Lal and Augustin, 2012; Tian et al., 2016). 

Throughout the period of 1960 to 2019, the global terrestrial biosphere has absorbed 25 to 

30% (~11.4 Gt CO2 /yr1) of the anthropogenic CO2 emissions (Reichstein et al., 2013; 

Sippel et al., 2016; Wolf et al., 2016).  

Global climate change due to the increase of eCO2 can alter the climate-related 

characteristics of the terrestrial biosphere over the next several decades. The terrestrial 

biosphere will be a net carbon sink if the input of carbon from plant growth dominates the 

carbon flux balance and will be a net source if the output of carbon from CO2 flux dominates 

(Maier et al., 2011). Thus, the terrestrial biosphere can behave as a carbon sink/source, 

where it stores/releases carbon from/to the atmosphere, depending on the (extreme) 

climate pattern (Zscheischler et al., 2014). The reverse direction, converting from negative 

feedback (sink) into positive feedback (source), amplifies anthropogenic climate change 

rather than decreasing it (Müller et al., 2016). As a result, we would not only have to deal 

with the anthropogenic emissions but also compensate the additional CO2 release from the 

terrestrial biosphere.  
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There are currently two bottom-up approaches for estimating CO2 flux exchange 

between the terrestrial biosphere and the atmosphere: In-situ CO2 flux measurements and 

eddy covariance (EC) techniques, also known as eddy flux towers. In-situ CO2 flux 

observations, also known as soil respiration (Rs), are obtained using single/multiple 

chambers stationed on the soil surface. Chamber observations are considered as point 

scales and measure mainly autotroph and heterotroph respiration from the soil surface 

(Anjileli et al., 2019). EC tower data are counted as local scale (1 to 10 km2) since they can 

cover a larger area and measure carbon flux exchange between the terrain and atmosphere 

(Desai et al., 2010). Nevertheless, from a regional scale (102 to 104 km2) CO2 flux 

measurements are limited due to constraint observations and diverse ecosystems at any 

given region (e.g., multiple ecosystem types, heterogenous terrain, and developed areas). 

Therefore, a spatio-temporally dense data availability around the globe or even at a 

local/regional scale is unfortunately not present. From a global perspective, CO2 flux 

measurements are sparse and irregularly distributed (Jung et al., 2009; Randerson et al., 

2002).  

To overcome the spatial limitation and to extend CO2 flux to a regional, continental, 

or even global scale, either ecosystem models [e.g., Century, Orchidee, Community 

Atmosphere Biosphere Land Exchange (Cable), Jules, Biome-BGC] (Desai et al., 2010; Xiao 

et al., 2011), satellite data-driven ecosystem models [e.g., Terrestrial Carbon Flux (TCF), 

Carnegie Ames Stanford Approach (CASA), MODIS-AMSR-E, BEAMS, SMAP L4C] (Goroshi et 

al., 2014; Jones et al., 2017; Potter et al., 2012; Sasai et al., 2011; Watts et al., 2014), or 

inverse models [e.g., Transcom3, Regional Carbon Cycle Assessment and Processes project 

(RECCAP)] (Bousquet, 2000; Gaubert et al., 2019; Kaminski, 2001; Schimel et al., 2015) 
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have been developed and are widely used. Inverse models, also known as a top-down 

approach, use atmospheric CO2 concentration obtained recently through remote sensing 

satellites (e.g., AIRS, GOSAT, and OCO-2) and an atmospheric transport model (Gaubert et 

al., 2019). 

AghaKouchak et al.’s [2015] review paper “Remote sensing of drought: Progress, 

challenges and opportunities”, states that the sensitivity of the terrestrial carbon on 

hydroclimate variability and extreme events is immensely uncertain. In other words, a 

significant knowledge gap exists on how the terrestrial biosphere responds to climate 

variables such as increasing temperature or extreme events, for instance, droughts, 

heatwaves, and wet spells (AghaKouchak et al., 2015; Bodmer et al., 2019; Frank et al., 

2015; Hoover et al., 2016; Reichstein et al., 2013; van der Molen et al., 2011; Yi et al., 2015; 

Zscheischler et al., 2014). Even though several studies have focused on large scale and low-

temporal resolution relationships to study the carbon uptake period (CUP) and/or carbon 

flux exchange, the uncertainties and gaps are more pronounced when it comes to short-

term responses of the terrestrial biosphere to extremes. A major contributor to this gap is 

also the consistent large-scale lack of EC-towers around the globe. As a result of the 

incomplete understanding of the terrestrial carbon cycle, various climate models and 

future scenarios show high uncertainties (Herrera-Estrada and Sheffield, 2017; Phillips et 

al., 2017). In order to fill the gap and reduce uncertainties, we need not only accurate 

assessments of the nuances of the terrestrial carbon cycle but also to expand carbon flux 

observations around the globe (Peters, 2018). 
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Objectives and Research Questions 

Motivated by the aforementioned research gaps, this dissertation addresses the 

following objectives:  

(1) Quantify the Rs response to short-term changes in extreme rainfall and 

temperatures. A relevant research question is: How does Rs change in response to 

warming temperatures at a local scale?  This objective is addressed through collecting a 

unique observational record using an experimental setup located in the UCI’s San 

Joaquin Marsh Reserve. In this experiment, I measured continuous high frequency Rs 

data set and relevant climatic variables using measurements from the device LI-COR LI-

8100A. After collecting original data, I used a unique probabilistic framework to 

provide insights on changes in the Rs distribution in response to shifts in the main 

drives such as soil temperature and soil moisture. (see Chapter 1) 

(2) Assess the effects of heatwaves on Rs in different locations across the US. Results 

of the previous step indicated the sensitivity of Rs to temperature extremes. Given that 

the frequency and severity of heatwaves are projected to increase in the future, we 

further assess and characterize the impacts of heatwaves on Rs by using ten additional 

continuous Rs data sets across the CONUS. Unlike most previous studies that focus on 

long-term temperature changes, we focus on short-term changes (multi-day 

heatwaves). The key question is: how do heatwaves affect the regional Rs across 

different locations? (see Chapter 2) 

(3) Quantify the response of the terrestrial biosphere to different levels of warming. 

Given that we do not have reliable terrestrial biosphere projections, we focus on 

addressing this issue using the observed warming in the historical data from satellite 
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observations. We use remotely sensed daily carbon flux to explore to what extent the 

terrestrial biosphere responds to a 1.5 oC to 2.0 oC increase in temperature, based on 

the transition temperature from carbon source to sink and the long-term average 

temperature.  We have analyzed this issue at the global scale and regionally for 16 

forest study areas. Some of the key questions include: To what extent do the increasing 

temperatures change the length of the carbon uptake period? How does a warming 

climate alter the carbon source/sink condition across different forest types? (see 

Chapter 3)  
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CHAPTER 1  

Analyzing high frequency soil respiration using a probabilistic model in 
a semi-arid, Mediterranean climate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The contents of Chapter 1 are published in the Journal of Geophysical Research (JGR) 

Biogeosciences. 

Citation: H. Anjileli, HR. Moftakhari, O. Mazdiyasni, H. Norouzi, S. Ashraf, A. Farahmand, P. 

Bowler, M. Azarderakhsh, T. E. Huxman, A. AghaKouchak., Journal of Geophysical Research-

Biogeosciences, DOI: 10.1029/2018JG004640 

https://doi.org/10.1029/2018JG004640
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Introduction 

Carbon cycling in semi-arid areas may be particularly sensitive to global climate 

change (Huang et al., 2016) given the ecological and evolutionary dynamics of plants and 

microbes associated with episodic rainfall input (Huxman et al., 2004) and the magnitude 

of change in key drivers for these regions of the globe (Weltzin et al., 2003). Carbon dioxide 

(CO2) flux from the soil to the atmosphere, also referred to as soil respiration, is a critical 

component of the carbon cycle (Cable et al., 2011). Soil respiration (Rs) is the second major 

contributor to the global CO2 flux, and is indeed around nine times larger than the 

anthropogenic CO2 emissions (Carey et al., 2016; Giardina et al., 2014a; Raich and 

Schlesinger, 1992). Rs is associated with the metabolic activity of organisms found in the 

soil, typically deconstructed as heterotrophs (e.g., decomposing microbes) and autotrophs 

(e.g., roots and associated symbiotic microbes) (Cable et al., 2008). Terrain level, vertical 

depth of soil, spatial characteristics of the local site, and soil and vegetation type all play 

roles in the rate of respiration (Cannone et al., 2012; Janssens et al., 2001; Maier et al., 

2011). However, the primary abiotic factors controlling the pattern and magnitude of Rs 

are soil temperature (Tsoil) and soil volumetric water content (VWC) (Liang et al., 2017; 

Ryan and Law, 2005).  

The estimated quantity of carbon stored in and emitted from soil including 

peatlands, wetlands and permafrost, has been recently studied (Davidson and Janssens, 

2006; Scharlemann et al., 2014). However, a significant lack of knowledge exists about the 

distribution of carbon and Rs of soil in semi-arid ecosystem (Schimel, 2010), and the way 

these variables respond to climate change (Graf Pannatier et al., 2012; Zhong et al., 2016). 
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Thus, any small changes in the underground carbon pools might have large impacts on 

carbon flux into the atmosphere (Fabianek et al., 2015; Hirano, 2003; Ryan and Law, 2005).  

Several methods have been employed to study the changes of Rs due to climate 

variability, through field/laboratory experiments (e.g., soil warming) (Carey et al., 2016; 

Hicks Pries et al., 2017; Schindlbacher et al., 2012), models [e.g., Century, Rothamsted 

Carbon Model (RothC), Earth System Model (ESMs) from Coupled Model Intercomparison 

Project Phase 5 (CMIP5)] (Lehmann and Kleber, 2015; Todd-Brown et al., 2013; Wieder et 

al., 2013) and biosphere-atmosphere exchange (e.g., Fluxnet) (Phillips et al., 2017), by 

using deterministic models. These studies provide crucial information about changes of Rs 

(e.g., standard deviation, mean, range, etc.). However, hardly any endeavor has been made 

to describe the change in the entire probability distribution of Rs under different 

hydroclimatic conditions. Such approach provides new insights in detecting changes in the 

Rs distribution in response to shifts in drivers (i.e. determining changes in the exceedance 

probability of Rs due to changes in hydroclimatic variables).  

Probabilistic models combined with high frequency dataset have been used in 

various fields and can reveal valuable information (e.g., analysis of extreme events, 

snowpack response to warming, nuisance flooding, and compounding effects) (e.g., Cheng 

et al., 2014; Huning and AghaKouchak, 2018; Mazdiyasni et al., 2017; Moftakhari et al., 

2017; Papalexiou et al., 2018). The probability density functions (PDFs) used in this study 

show not only the most likely value (highest density), but also the entire distribution of the 

expected Rs. Furthermore, we can reflect the distribution of Rs conditioned on any 

hydroclimate variable of interest (e.g., Tsoil and/or VWC). The integral of the PDF above a 

given threshold (i.e., any threshold of interest) represents the exceedance probability of Rs 
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(i.e. the likelihood that the designated threshold will be exceeded). By comparing two 

different exceedance probabilities, we can detect changes in the Rs distribution; therefore, 

measure the impact on Rs given specific hydroclimate conditions. This means, probabilistic 

models not only provide a thorough insight of Rs dynamics but are also useful tools to 

characterize the impact of different hydroclimatic conditions on Rs. Using such models in 

conjunction with our measured sub-hourly high frequency dataset provides detailed, high 

resolution probabilistic analysis on the impacts of hydroclimatic drivers on Rs.  

The temperature sensitivity of Rs, described as the rate to which Rs increases or 

decreases in response to change in temperature, over a wide range of temperatures is not 

well understood in various biomes (e.g., forest, desert, semi-arid areas) (Boone et al., 1998; 

Cable et al., 2011; Nuanez, 2015). From climate perspective, semi-arid terrestrial 

ecosystems remain data poor, restricting our understanding of how Rs responds to Tsoil 

and VWC (Lellei-Kovács et al., 2011; Rey et al., 2011). This may stem from the fact that the 

Rs rate in semi-arid ecosystems is the lowest in comparison with other biomes on earth 

(Grünzweig et al., 2009; Oertel et al., 2016), and so their contribution to the total cycle is 

perceived to be relatively limited. This is not necessary true as arid/semi-arid regions 

encompass one-third of the global dryland (Williams, 1999), and so their contribution to 

the carbon cycle is significant (Schimel, 2010). 

Regarding vegetation, Rs remains challenging on bare soil, due to its complicated 

biological and physical structure (Eugster and Merbold, 2015). In this perspective, we 

report sub-hourly measurements of Rs from bare soil in a semi-arid Mediterranean 

ecosystem located in Southern California, which allows us to characterize pulse-driven 

dynamics at high frequencies (Evans and Wallenstein, 2012; Huxman et al., 2004; Jenerette 
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et al., 2008). The goal of this study is to characterize the temporal variability of Rs under 

various hydroclimatic conditions. Using the probabilistic approach, we can assess the 

impacts of different temperatures and VWC ranges on Rs. In other words, we can more 

effectively detect the changes in the Rs distribution in response to shifts in drivers (e.g. 

determining changes in exceedance probability in response to increased Tsoil and 

decreased VWC). The objectives are (1) to quantify how Rs reacts to changes in Tsoil and 

VWC (2) to describe the impacts of changes in Tsoil and VWC on the distribution of Rs, and 

finally (3) to investigate unexpected findings such as the role of dew on Rs in a semi-arid 

area.  

 

Materials and Methods 

Site description 

The study area is located at the San Joaquin Marsh Reserve (SJMR), adjacent to the 

University of California, Irvine. The SJMR is within the University of California Natural 

Reserve System, encompassing more than 817,500 m2. It is subdivided into different 

sections, including man-made and untouched areas. The measurement gauge is located in 

the untouched area (33° 39ʹ32.7ʺ N, 117° 50ʹ55.9ʺ W) at an elevation of 2 m above sea level 

(see Figure 1.1). This region experiences a Mediterranean climate (i.e., mild, moderately 

wet winters and warm to hot, dry summers) with an average annual temperature of ~17°C 

and a mean annual precipitation of 300 mm (P. Bowler, 2007). Investigated soils have been 

characterized as well drained omni clay with a pH of 8.5, calcium carbonate content of 3% 

(Bowler, 2007; California Resources Agency, 2007), and Soil Organic Matter content (SOM) 

of 3.5%. On average SOM contains 58% carbon (van Bemmelen, 1891), we therefore 
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presume a soil carbon content of 2%. The chemical property of the soil also shows calcium 

carbonate (CaCO3) with an amount of 3% (Bowler, 2007; California Resources Agency, 

2007; “Web Soil Survey,” n.d.). In addition, the soil based on the United States Department 

of Agriculture Natural Resources Conservation Service (USDA-NCRS) is classified as Omni 

with a taxonomic classification of: Fine, montmorillonitic (calcareous), thermic 

Fluvaquentic Haplaquolls, Mollisols (Bowler, 2007; California Resources Agency, 2007; 

USDA-NRCS, n.d.). The moisture characteristics of the soil in terms of field capacity (FC) 

and wilting point (WP) for omni clay have been reported to be 0.33 and 0.20 m3/m3 

respectively (Walker, 1989), which are shown as dashed lines in Figure (1.2b).  

 

Soil respiration and additional measurements 

Soil respiration (Rs) was measured sub-hourly from Feb. 2016 to Feb. 2017 using an 

automated Rs system (LI-8100A, LI-COR, Inc., Lincoln, Nebraska, USA). The LI-8100A is an 

Automated Soil Gas Flux System which measures CO2 flux from the soil using a single long-

term transparent chamber and an Analyzer Control Unit (ACU). The infrared gas analyzer 

(IRGA) installed in the ACU measures the change in CO2 in the chamber. One polyvinyl 

chloride (PVC) collar with a diameter of 20.3 cm and height of 11 cm was inserted into the 

soil to a depth of 6 cm one week before measuring Rs to limit soil disturbance and to allow 

repeated measurements. The vegetation within the collar was cleared off to make sure that 

the soil remains bare over the entire observation period. The system was programmed to 

enable five measurements per hour with an observation period of two minutes. During 

each flux measurement, the chamber vented automatically for 65 seconds (45 sec. pre-
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purge and 20 sec. post-purge). An umbrella was installed above the analyzer control unit to 

protect the analyzer from sunlight and to avoid overheating. 

Simultaneously, soil temperature (Tsoil) and soil volumetric water content (VWC) 

near the chamber at 5 cm depth below ground surface were observed using an auxiliary 

soil temperature thermistor (LI-COR, Inc., Lincoln, NE, USA) and an ECH2O model EC-5 

(Decagon Devices, Inc., Pullman, WA, USA), respectively. Both sensors were attached to the 

LI-8100A analyzer control unit. The EC-5 determines the VWC by measuring the dielectric 

constant media using capacitance domain technology (Kočárek and Kodešová, 2012). The 

system was powered at the beginning of the observations with a 55 Ah/12 Volt battery and 

a 60 Watt solar panel but upgraded to a 180 Ah/12 Volt battery with 260 Watt solar panels 

after several power failures. Due to the latest upgrade of the battery and solar panels, we 

limited the observations to five measurements per hour to ensure continuous day and 

night measurements. Approximately 7% of the Rs data were not captured due to 

instrument failure and insufficient power supply due to cloudy days. 

To confirm the existence and effect of dew on Rs, we performed a short experiment 

of two days in mid-November. In this experiment we measured the soil surface 

temperature at the study site during night. Night surface soil temperature (Tsoil surface) 

inside the collar was obtained using an EasyLog EL-USB-2-LCD temperature data logger 

(Lascar Electronics Inc., Erie, PA, USA).  

Daily meteorological data (e.g., dew point, precipitation) were obtained from the 

weather station at the John Wayne Airport (SNA), Santa Ana, CA (located within three 

kilometers from the study area) from the National Oceanic and Atmosphere Administration 

(NOAA) website (https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly). 

https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly)
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Data analysis 

We use Spearman correlation coefficient (R2) to evaluate the relationship between 

Rs and Tsoil and VWC due to existing time lags. These lags result in an elliptical hysteresis 

loop (Phillips et al., 2017; Song et al., 2015) and are caused, for instance, through the 

transport of Rs from various depth layers to the surface (Phillips et al., 2017), resulting in a 

delay in the Rs observation (Zhang et al., 2015). However, no guideline exists on how Rs 

Study 

location 

Figure 1.1: Study location of the study area and used measurement device  
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data should be analyzed in order to determine the relationship between Rs and Tsoil 

(Phillips et al., 2011). We, therefore, use stepwise regression analysis through which we 

temporally adjust the time series of hydroclimatic parameters by stepwise shifting entire 

time series in time. Lag time induced temporal adjustment of hydroclimate parameters and 

Rs continues till the vectors are synchronized based on the highest value of R2. Our results 

show that, in the studied system, the lag time between Rs and hydroclimate parameters 

through the entire time series is ~6 hour (h). The stepwise regression technique used here 

reflects upon strong seasonality in Rs and thus varying lag times (Kuzyakov and 

Gavrichkova, 2010). The time lag between Rs and hydroclimate parameters for spring 

(March 20th - June 20th), summer (June 21th - Sept. 21th), fall (Sept. 22th - Dec. 20th), and 

winter (Dec. 21th - March 19th) season is estimated to be ~3h, ~7h, ~4h, and ~10h, in the 

studied area, respectively. Henceforward, we use the adjusted time series in this research 

for further analysis. 

To evaluate Rs-Tsoil and VWC-Tsoil relationships, we use the mean value of data 

points existing within a step size of 1°C. We rank the Tsoil values from min to max and 

averaged all associated data points (e.g., Rs, VWC) within the given step size of 1°C.  

We quantify the temperature sensitivity of Rs (Rs) and VWC (VWC) using a 

moving average technique, which removes residuals and reveals the overall trend. By using 

moving bin-average we calculate the arithmetic mean of several consecutive values of 

different subsets from the whole data set. The temperature sensitivity (i.e., rate of change) 

is calculated through consecutive subtraction of the bin averaged values at two consecutive 

calculating windows. The mathematical representation of the temperature sensitivity 

analysis process using moving bin-average technique is:  
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 =  
1

𝑥2
∑ 𝑎𝑡2

𝑖+𝑛+𝑚
𝑡=𝑖+𝑚 −  

1

𝑥1
∑ 𝑎𝑡1

𝑖+𝑛
𝑡=𝑖        [1] 

 

where 𝑛, 𝑚, 𝑖, 𝑎𝑡1,2
, and 𝑥1,2 represent length of moving average, step size, starting point, 

measured values (e.g., Rs and VWC) for Tsoil taking values of t, and number of data points, 

respectively. It is worth mentioning, that the spans include different sample sizes. To 

calculate the Rs, for example, we first rank the Tsoil values from min to max and then 

choose the starting point as the smallest observed Tsoil value (i.e., 5.5°C). Then we 

calculate the mean of Rs measured within a span of 5°C (e.g., T8 refers to values associated 

within 5.5 to 10.5°C) and a step size of 1°C (e.g., T9 would encompass the values associated 

within 6.5 to 11.5°C). Finally, we subtract the bin-averaged values at the two consecutive 

bins (T9-8). 

Empirical conditional probability density functions (PDFs) help to assess changes in 

the Rs distribution given any hydroclimate variable (e.g., Tsoil and/or VWC). The PDF of Rs 

conditioned on one variable (e.g., Tsoil) and two variables (e.g., Tsoil and VWC) can be 

calculated via equations [2] and [3], respectively (Yue and Rasmussen, 2002):  

 

fY|X(y | x) = [fX(x)  ∩  fY(y)] fX(x)⁄        [2] 

fY|X(y | x, z) = [fX(x)  ∩  fY(y)  ∩  fZ(z)] [fX(x) ⁄ ∩ fZ(z)]    [3] 

 

where fX(𝑥), fY(𝑦), and fZ(z) represent the marginal probability distribution function of 

Tsoil, Rs, and VWC, respectively. The mathematical representation of the exceedance 

probability (EP) describes the likelihood of Rs exceeding a given threshold (Y>y) for 
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different values of Tsoil (X = 𝑥1, 𝑥2, …) and different values of VWC (Z = 𝑧1, 𝑧2, …). To ensure 

the results are reliable and limited sample size is not affecting the outcomes we require at 

least 100 observation points within a Tsoil range of ± 0.5°C to implement analysis. For 

purposes of visualizations, we limit the Rs range in the Figures 6-8 to a max of 5 μmol 

CO2/m2s. Furthermore, we choose the annual mean of Rs (1.2 μmol CO2/m2s) as the 

threshold of interest with regards to which we calculate the EP. The EP represents the 

likelihood that Rs exceeds its annual mean, given different hydroclimate conditions. The 

probability (�̃�) of Rs (𝑌) exceeding a certain threshold (here the annual mean of Rs: �̃�) is 

given by the following integrals:  

 

𝑃�̃� = ∫ 𝑓𝑦|𝑥 𝑑𝑦
𝑌>�̃�

         [4] 

𝑃𝑥,�̃� = ∫ 𝑓𝑦|𝑥,𝑧 𝑑𝑦
𝑌>�̃�

         [5] 

 

where 𝑃�̃� and 𝑃𝑥,�̃� represent the shaded area under the PDF curves given by Eq. [2] in the 

Figure (1.6) and Figure (1.8) and Eq. [3] in Figure (1.6).  

The high frequency data provided through field observations described in section 

2.2, enable us to explore if dew presence can describe part of the Rs variance observed in 

the record. We compared night Tsoil surface observations from the data logger with 

minimum values of the air chamber temperature (Tcham), which correspond to night 

temperatures. This seems a reasonable comparison as the chamber is stationed just at a 

height of ~15 cm above the soil surface. The percent difference (PD) quantifies the 

difference between these two temperature values.  
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PD = (
1

𝑥
∑ (𝑇𝑐ℎ𝑎𝑚𝑎𝑖𝑟 𝑛𝑖𝑔ℎ𝑡 − 𝑇𝑠𝑜𝑖𝑙𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑛𝑖𝑔ℎ𝑡) 𝑇𝑠𝑜𝑖𝑙𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑛𝑖𝑔ℎ𝑡⁄ ) ∗ 100 [6] 

 

where 𝑇𝑐ℎ𝑎𝑚𝑎𝑖𝑟 𝑛𝑖𝑔ℎ𝑡, 𝑇𝑠𝑜𝑖𝑙𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑛𝑖𝑔ℎ𝑡, and, 𝑥 display the minimum value of the night air 

chamber temperature, night surface soil temperature, and the number of data values, 

respectively. 

 

Results and Discussion 

Temporal variation of meteorological variables and soil respiration 

 

Figure (1.2) shows daily meteorological parameters and Rs data. Figure (1.2 a) 

shows low Tsoil during the wet season (Nov.-April) and high Tsoil in the dry season (May-

Oct.) and as expected, the temporal variation of VWC follows the precipitation seasonal 

pattern, i.e., Anders and Rockel (2009). It also displays that when VWC is between 0.20 to 

0.33 m3/m3, Rs increases with rainfall, while beyond 0.33 m3/m3 when soil becomes 

saturated (above 0.33 m3/m3 dashed line), Rs remains insensitive to further rainfall inputs. 

The study area usually receives most of its precipitation during the wet season followed by 

a dry season with relatively low precipitation. The area received, within the study period, 

~348 mm of precipitation in total. Figure (1.2 c) shows that over the study period, Rs 

varies between –1.01 and 12.37 μmol CO2/m2s. These respiration rates are eminently high. 

However, we found only a few very high measurement points (>10 μmol CO2/m2s) and 

several high values between 6 to 10 μmol CO2/m2s; usually Rs rates in semi-arid areas are 

measured between ~0.30 and ~2.6 μmol CO2/m2s (Oertel et al., 2016; Wang et al., 2014).  
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Figure 1.2: Daily meteorological parameters and Rs. 
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The results generally imply, that Rs rises following precipitation events, which is 

compatible with the results from Deng et al. (2012) and Yan et al. (2014).  

 

Regression Analysis 

Figure (1.3) depicts the variation in Rs and VWC values that are bin-averaged within 

the given step size of 1°C with respect to Tsoil. VWC plays a significant role in Rs and is, 

therefore, indispensable to be neglected (Qi et al., 2002). Especially in Mediterranean and 

semiarid ecosystems it needs to be taken into account, where Rs is highly sensitive to VWC 

(Chang et al., 2014; Yan et al., 2014). We demonstrate that Rs is limited both when VWC is 

high and Tsoil is low and vice versa which is compatible with Reinsch et al. (2017). By 

examining how Tsoil and VWC affect Rs, we indicate that Tsoil values below 14°C and 

beyond 27°C and VWC magnitude below 0.20 m3/m3 and beyond 0.32 m3/m3 yield limited 

Rs. The limitation of Rs at high Tsoil in other ecosystems, has been reported by Portner et 

al. (2010) and Richardson et al. (2012). VWC shows a mirrored sigmoid response function, 

which is basically a mirrored S-form, across the Tsoil range (Schulze, 2000).  
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VWC stays around ~0.33 m3/m3 when Tsoil is below ~14°C, and it decreases 

gradually below wilting point with increasing Tsoil. At Tsoil above ~23°C, VWC remains 

nearly constant by ~0.19 m3/m3. High and low VWC diminish the temperature response of 

Rs due to the potential oxygen limitations and metabolic drought stress, respectively 

(Chang et al., 2014). Other factors such as CO2 diffusion into pore spaces and CO2 

Figure 1.3: Hourly bin-averaged Rs and VWC across Tsoil ranges. 
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dissolution in pH water could also limit the temperature response of Rs (van Haren et al., 

2017).  

A similarly Gaussian (bell-shape) pattern in the Rs response across the Tsoil ranges 

is visible which corroborates with the findings of Carey et al. (2016) and Portner et al. 

(2010). Figure (1.3) shows that below ~18°C, Rs increases to nearly ~1.8 μmol CO2/m2s 

and by exceeding ~18°C, Rs decreases to ~1 μmol CO2/m2s. Beyond ~27°C, Rs remains 

nearly unchanged with increasing Tsoil. The latter can be attributed to the fact that 

biological systems are expected to lower in activity beyond some temperature optima 

(Schipper et al., 2014). It is not realistic to expect a continuous increase with rising 

temperature; therefore, the growth must cease and begin to decrease as Tsoil increases 

above key levels influencing organismal function (Tuomi et al., 2008). Thus, fitting models 

like the exponential (Q10 model), Arrhenius or Lloyd-Taylor equations that do not take into 

account the declining trend of Rs after a metabolic threshold have limited applicability for 

response dynamics prediction of soil to temperature change (BěHráDek, 1930; Carey et al., 

2016). These fitting models generally describe an exponential increase of Rs with 

increasing temperature and can only be used in a narrow temperature range. Previous 

studies have discussed the inability of these fitting models to represent the response of Rs 

across a wide temperature range, where a decrease of Rs takes place.  

To describe the relationship between Rs-Tsoil and Rs-VWC in the panels (A) and (B) 

in Figure (1.4), we use a log-quadratic Tsoil (VWC) response function which is a Gaussian-

type model (Carey et al., 2016; Heskel et al., 2016; Lellei-Kovács et al., 2011).  

 

ln(𝑅𝑠) = 𝑎𝑋2 + 𝑏𝑋 +  𝑐        [7] 
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where 𝑅𝑠 is soil respiration, 𝑋 is either soil temperature (𝑇𝑠𝑜𝑖𝑙) or soil volumetric water 

content (𝑉𝑊𝐶), and 𝑎, 𝑏, and, 𝑐 are variables to be calibrated. We fit this log-quadratic Tsoil 

(VWC) response function with daily mean values of Rs. In addition, we display in the z-axis 

the shading of the circles in the panels (A) and (B) as VWC and Tsoil, respectively. The 

results are compatible with our findings from Figure (1.3) where Rs is limited at both low 

Tsoil and high VWC and vice versa. 
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Figure 1.4: Scatterplot of daily mean values of Rs-Tsoil (A) and Rs-VWC (B) 
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Temperature Sensitivity of Rs and VWC 

Figure (1.5) shows the temperature sensitivity of Rs (Rs) and VWC (ΔVWC) per 

1°C change in Tsoil through moving bin-averages (Eq. [1]). Figure (1.5) reveals that Rs is 

nonlinear across all Tsoil ranges, because it responses to a combination of variability in 

Tsoil and VWC (Qi et al., 2002). It is also visible that Rs is positive at temperatures below 

~18°C (T18-17) and negative at temperatures between ~18°C to ~27°C (T28-27). Above 

~27°C a weak (no significant trend) Rs is detectable. We conclude that the positive or 

negative Rs indicates an increase or decrease of Rs, respectively. We infer that Rs is 

greatest at low Tsoil and declines as Tsoil increases which is consistent with the finding of 

Schipper et al. (2014). Tucker and Reed, (2016) also concluded a positive Rs at low to 

moderate Tsoil and a negative Rs during summer which is associated with high Tsoil. A 

number of studies have described the negative Rs above a certain Tsoil threshold (Cable 

et al., 2011; Tucker and Reed, 2016). The reason for the weak Rs could be due to the low 

VWC at high Tsoil or microbial protein denaturation (Carey et al., 2016; Portner et al., 

2010). In the ranges of positive, negative and weak trends, Rs is estimated to be 

~0.108±0.050, ~-0.075 ±0.054, and ~0.006 ±0.024 μmol CO2/m2s, respectively. Although, 

ΔRs over the total range of observed temperature exhibits an increasing trend of ~0.013 

±0.086 μmol CO2/m2s per 1°C. 
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In Figure (1.5), ΔVWC shows a nonlinear relationship with Tsoil as well. ΔVWC 

shows a decreasing response below ~27°C (T28-27), and above ~27°C there is no significant 

trend visible. During negative and no trend ΔVWC, on average ~0.008 ±0.007 and ~-

0.001±0.001 m3/m3 is visible, respectively. Overall, ΔVWC decreases by ~0.004 ±0.007 

m3/m3 per 1°C. 

 

Figure 1.5: Temperature sensitivity of Rs and VWC. 
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Conditional Probability Analysis 

Figure (1.6) displays the conditional PDF of Rs given Tsoil values from 14°C to 23°C 

with step sizes of 3°C. In order to show both the increasing and decreasing response of Rs 

to rising Tsoil (as shown in Figure 1.3), we have selected two ranges where Rs observations 

show opposing responses. The shaded area in both panels show the probability of 

exceeding the annual mean of Rs (𝑃�̃�) (Eq. [4]) given different Tsoil values. Figure (1.6 A) 

exhibits that when Tsoil reaches 14°C there is a 39% 𝑃�̃�. One step higher (Tsoil of 17°C), 𝑃�̃� 

increases to 52%. This means that the impact of Tsoil rising from 14°C to 17°C increases 𝑃�̃� 

by 33%. Moreover, it is apparent that an increase of Tsoil from 17°C to 20°C demonstrates 

no significant change in Rs, which verifies the tipping point at ~18°C, as previously 

mentioned. Therefore, an increase in Tsoil beyond a certain limit yields a smaller 𝑃�̃�. For 

instance, at Tsoil values of 20°C and 23°C (Figure 1.6 B), 𝑃�̃� steps down by 35% (from 49% 

to 32%). Interestingly, the mode (most likely value) of the PDFs decrease as we condition 

on higher Tsoil values.  
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Figure 1.6: Two panels of the PDFs of Rs under four different Tsoil scenarios. 
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In Figure (1.7) we take VWC into account as an additional covariate affecting Rs, to 

calculate the conditional PDF. In this figure, the shaded area in the panels shows 𝑃𝑥,�̃� (Eq. 

[5]) at the given Tsoil values (17, 20, 23°C) and VWC values ranging between 0.15 to 0.40 

m3/m3 with a step size of 0.05 m3/m3. Furthermore, some VWC ranges are excluded from 

the panels in Figure (1.7) due to either lack of data or insufficient data points (see method 

section) at the given Tsoil values. For example, we did not have sufficient observations for 

VWC ranges between 0.25-0.30 m3/m3 for Tsoil at 23°C and hence, no result is reported. 

However, we did have sufficient data points for VWC ranges 0.20-0.25 m3/m3 under the 

same Tsoil conditions, and the results are presented in its place (Figure (1.7) row [C] 

column [2]). Row (A) shows that when Tsoil reaches 17°C, the mode of the Rs distribution 

shifts to lower Rs rates, as VWC rises. Therefore, the chance that Rs goes beyond the annual 

mean (𝑃𝑥,�̃�) with rising VWC reduces from 94% to 84% and then to 26%. Row (A) shows 

that the impact of rising VWC conditioned on Tsoil at 17°C reduces 𝑃𝑥,�̃� by 71%. This 

supports our findings that in lower Tsoil values, an increase in VWC corresponds with 

decreasing Rs rates. However, with an increase in Tsoil and VWC this relationship reverses. 

In row (C), we observe that the mode of Rs shifts to higher values, with increasing VWC. 

Thus, 𝑃𝑥,�̃� increases by 148% (from 25% to 62%). It is worth noting the mode of the Rs 

distribution shifts significantly to lower values with increasing Tsoil, as shown in column 1 

(VWC < 0.20 m3/m3). 𝑃𝑥,�̃� declines from 91% to 25% with increasing Tsoil. Interestingly, 

the third column (VWC> 0.30 m3/m3) portrays that the mode of Rs shifts higher with 

increasing Tsoil. Consequently, 𝑃𝑥,�̃� increases by a factor of 1.38, from 26% to 62%.  
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Figure 1.7: PDFs of Rs given different Tsoil values and various VWC values. 
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An Overlooked Source of Moisture 

Even though no precipitation events occurred during the dry season, we observed 

random Rs increases in various magnitudes and durations, especially from June onward. Rs 

is mainly controlled by Tsoil and VWC, and since Tsoil is sufficiently available, we 

hypothesize that an overlooked source of moisture other than precipitation is influencing 

Rs. Various mechanisms (e.g., fog, dew, and water vapor adsorption) have been discussed 

to explain how water, besides precipitation, infiltrates soil’s surface layer (Agam and 

Berliner, 2006; Beysens, 1995; McHugh et al., 2015). Several studies have suggested that 

dew is an important source of water in drylands, including arid and semiarid areas (Malek 

et al., 1999; McHugh et al., 2015; Shen et al., 2008). Dew is generally formed when Tsoil 

surface is lower than or equal to Tdew, during which water vapor from the air in contact 

with the cold soil surface condenses in dew (Agam and Berliner, 2006; Beysens, 1995). The 

resulting condensed water then seeps into the soil and stimulates roots and microbial 

activity (Escolar et al., 2015).  

The PD (Eq. [6]) of night air Tcham and night Tsoil surface shows only a ~5% 

discrepancy. This leads to the conclusion that Tsoil surface matches with the air Tcham 

during the night. We, therefore, use the min values of the air chamber temperature to 

identify time-periods where Tsoil surface is lower than dew point temperature (Tdew) 

indicating dew formation. Figure (1.8) displays the PDF of Rs conditioned on dryness (Tsoil 

surface > Tdew) and dew (Tsoil surface ≤ Tdew). The shaded area displays 𝑃�̃� (Eq. [4]) 

equal to 22% and 35% given dryness and dew, respectively. This means that the presence 

of dew causes an increase of 𝑃�̃� by 60%. Thus, the process of absorption of water vapor into 

the soil surface has the potential to be a crucial contributor to the carbon cycling in semi-
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arid areas. Our result compatible with previous studies show dew is a main factor besides 

Tsoil and VWC for assessing Rs in dry seasons (Escolar et al., 2015; Jacobson et al., 2015; 

McHugh et al., 2015; Wang et al., 2014). 

 

 

Conclusion 

Soil respiration (Rs) is a critical component of the carbon cycle and peculiarly 

sensitive to climate variability. We use a probabilistic model to describe the change in the 

entire Rs distribution under various hydroclimatic conditions. We analyze and characterize 

measured high frequency data of Rs on bare soil to enhance our understanding of the 

Figure 1.8: PDFs of Rs under dryness and dew. 
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temporal Rs dynamics. We use sub-hourly records of Rs and other parameters from Feb. 

2016 to Feb. 2017 obtained in a semi-arid ecosystem in Southern California. Rs follows a 

similar Gaussian pattern with increasing soil temperature (Tsoil). Rate of Rs increases 

below ~18°C, decreases up to ~27°C, and shows almost no response beyond ~27°C, with 

increasing Tsoil. We use the probabilistic model to assess both the increasing and 

decreasing response of Rs with increasing Tsoil. We have selected two ranges with step 

sizes of 3°C where Rs show opposing responses. When Tsoil increases from 14°C to 17°C 

the probability of exceeding annual mean of Rs (1.2 μmol CO2/m2s) increases by 33%. 

Furthermore, we show that with increasing Tsoil from 20°C to 23°C the probability of 

exceeding the annual mean of Rs declines by 35%. By considering VWC in conjunction with 

Tsoil in the probabilistic model we reveal that increasing VWC at lower temperatures (e.g. 

17 °C) decreases the probability of exceeding annual mean of Rs. However, this 

characteristic changes with increasing Tsoil; higher values of Tsoil (e.g. 23°C) result in an 

increase in the probability of exceeding annual mean of Rs, with rising VWC. Furthermore, 

we display that during dew the probability of exceeding the annual mean of Rs could 

increase up to 60%. Overall, we show that by using the probabilistic model, we gain 

information on the entire distribution of the reaction of Rs with changing Tsoil and VWC; 

we assess the impacts of changes in Tsoil and VWC on Rs. The proposed model allows 

detecting changes in the Rs distribution due to shifts in hydroclimatic drivers such as Tsoil 

and VWC. The method is general and can be applied to different applications and variables. 
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CHAPTER 2  

Extreme heat events heighten soil respiration  
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Introduction 

Climate extreme events such as heatwaves are progressively playing a significant 

role in the regional and global terrestrial carbon cycle (AghaKouchak et al., 2015; 

Reichstein et al., 2013; Yang et al., 2016; Zscheischler et al., 2014). The amount and rate of 

the associated impacts are challenging to characterize (Frank et al., 2015), due to a number 

of relatively infrequent direct observations and spatially limited in-situ experiments (Ciais 

et al., 2005; Sippel et al., 2017). This leads to an incomplete understanding of the terrestrial 

carbon cycle (Frank et al., 2015) and therefore, contributes to uncertainties in various 

climate models (Herrera-Estrada & Sheffield, 2017; Claire L. Phillips et al., 2017). Several 

studies have focused on large-scale and low-temporal resolution relationships between the 

aboveground terrestrial biosphere and heatwaves (Ciais et al., 2005; Herrera-Estrada & 

Sheffield, 2017; Sippel et al., 2017). However, uncertainties and existing knowledge gaps 

are more pronounced when considering short-term responses of the terrestrial biosphere, 

in particular belowground microbial communities (Bardgett & Caruso, 2020), to extreme 

heat events, which we investigate here.  

Soil respiration (Rs), the carbon dioxide (CO2) flux exhaled by plant-roots and 

microbes from the soil to the atmosphere (Huxman et al., 2004), is the second largest 

contributor to the global carbon cycle (Giardina et al., 2014). Rs releases almost 310 Gt CO2 

per year (Karhu et al., 2014), which is nine times larger than anthropogenic CO2 emissions 

(Carey et al., 2016). Factors such as soil organic matter, spatial characteristics and soil 

properties of the study site play roles in the rate of respiration (Cannone et al., 2012). 

Nevertheless, the primary controlling factors of Rs are soil temperature, soil moisture (SM), 

and substrate supply (B. Bond-Lamberty & Thomson, 2010; Mooshammer et al., 2017; S. C. 
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Phillips et al., 2010). However, air temperature anomaly is significantly and positively 

correlated with change in Rs when SM is sufficient available (Ben Bond-Lamberty & 

Thomson, 2010). Moreover, soils harbor three times more carbon than the Earth’s 

atmosphere and therefore, any minor changes in the behavior of the subsoil community 

(i.e., heterotrophs and autotrophs) due to changes in the temperature variability could 

have direct and immense impacts on the carbon cycle (Allison & Martiny, 2008; Hicks Pries 

et al., 2017; Sierra et al., 2011; Trumbore, 1997). 

The frequency and severity of heatwaves have elevated globally over roughly the 

last seven decades, and future scenarios project an even more notable increase in the 

number of severe heatwaves (Beck et al., 2018; Frank et al., 2015; Perkins & Alexander, 

2013). Although definitions can vary, a heatwave is generally described as a period of 

ongoing extremely hot days and it can occur during the daytime and/or nighttime 

(Chapman et al., 2019; Panda et al., 2017). Below, we describe the more specific heatwave 

definition that we applied in our study. Heatwaves can change the Rs characteristics since 

biological systems are more vulnerable to extreme events, rather than the gradual increase 

in mean characteristics of the system, due to the short response time and amplified 

response strengths (Frank et al., 2015; Mooshammer et al., 2017; Reichstein et al., 2013). 

Heatwaves are unpredictable and considered to be pulse and press perturbations, because 

microbes and plant-roots are sensitive to interruptions in either their activities, 

decomposition, or both (Karhu et al., 2014). These perturbations could propagate the 

effects on Rs by a multiple compared to a gradual temperature increase. Heatwave impacts 

on the Rs dynamics (e.g., rate) between the land surface and atmosphere remain highly 

uncertain due to limited knowledge about the mechanisms controlling Rs (Bardgett & 
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Caruso, 2020; Karhu et al., 2014; Mooshammer et al., 2017; Schimel, 2018), especially in 

semi-arid areas where the interrelationship between SM and temperature plays a crucial 

role in the carbon cycle (Huxman et al., 2004; MacDonald, 2010). 

Extreme heat manipulation experiments on soil respiration have been conducted in 

laboratories and field studies (De Boeck et al., 2011; Hoover et al., 2016). However, these 

extreme heat manipulation experiments on Rs mainly focus on a short period of time and 

do not provide insight into the natural ecosystem where multiple factors (e.g., hourly/daily 

temperature variability, SM content, and seasonal effects) influence Rs. Furthermore, 

previous laboratory experiments neither provide information about differences occurring 

during the day and night in an ecosystem nor do they shed light on the potential high 

frequency (e.g., hourly and sub-hourly) response of Rs to heatwaves.  

Here, we present results from continuous high frequency (i.e. sub-hourly) in-situ 

observations of Rs that we collected, in addition, to Rs observations obtained at multiple 

sites across the contiguous United States (CONUS), to determine its response to heatwaves 

(see Figure S1 for the location of the sites). We characterize the impacts of Rs under a 

heatwave and non-heatwave conditions using a probabilistic model (see the Materials and 

Methods for details) and determine whether a significant difference between Rs during 

these two types of conditions occurs. We begin with a detailed description of the Rs 

response to heatwaves at the San Joaquin Marsh Reserve (SJMR) site. We then extend our 

framework and analysis to ten other sites across the CONUS to better understand how 

different soils and climatic characteristics impact such findings. The objective is to answer 

the following questions: What is the likelihood that Rs changes during heatwaves? To what 

extent does heatwave impact Rs during dry and wet conditions? 
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Materials and Methods 

We obtained the open continuous soil respiration database (COSORE v0.4) from the 

Ben Bond-Lamberty GitHub website (https://github.com/bpbond/cosore). In this study, 

we exclude from the COSORE v0.4 database manipulated study soil plots (e.g., excavating a 

trench, removing topsoil, installed pipes under the soil plots) and study sites in which we 

lack either a near weather station or long-term hourly air temperature data. The study sites 

across the CONUS that we use from the COSORE v0.4 database are shown in Fig. S1. Specific 

site information, including latitude/longitude, land types, SM thresholds, and the nearest 

weather stations to the study area are listed in Table 1. Interested readers are directed to 

the corresponding publications listed in Table 1 for detailed information related to each 

observational study and the associated measurement methodologies employed. 

In order to define the SM threshold for wet and dry conditions of each study site, we 

consider values above 70th quantile as wet (i.e., high SM) and below 30th quantile as dry 

(i.e., low SM). The SM thresholds using in-situ observation and remote sensing data are 

listed in Table 1.  

The hourly long-term air temperature historical data (i.e., at least 30 years of hourly 

air temperature data) from weather stations for each study area are obtained from the 

National Oceanic and Atmospheric Administration (NOAA) mapping tool website 

(https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly).  
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Field Measurement at the SJMR 

The measurement device was set up at the SJMR, adjacent to the University of 

California, Irvine, at an untouched area (33° 39ʹ32.7ʺ N, 117° 50ʹ55.9ʺ W). Overall, the 

region has a Mediterranean climate with an annual mean temperature and precipitation of 

~17°C and 300 mm, respectively (Bowler, 2007). The taxonomic classification of the soil at 

the study area is characterized as omni clay, Fine, montmorillonitic (calcareous), thermic 

Fluvaquentic Haplaquolls, with potential Hydrogen (pH) of 8.5, Soil Organic Matter (SOM) 

of 3.50%, carbon content of 2.03%, and calcium carbonate (CaCO3) of 3% (van Bemmelen, 

1891; USDA-NRCS, n.d.). The SM field capacity (FC) and permanent wilting point (PWP) for 

the site was reported to be 0.33 and 0.20 m3/m3, respectively (Walker, 1989). In semi-arid 

areas such as at the SJMR site, Rs is also sensitive to SM content, particularly during dry 

periods/seasons. Anjileli et al. [2019] concluded that SM at the SJMR varies between 0.18 

and 0.37 m3/m3 and that Rs increases with precipitation events; however, when soil 

becomes saturated (beyond 0.33 m3/m3), Rs remains unresponsive to additional 

precipitation pulses. 

The automated soil respiration (Rs) system LI-8100A from LI-COR (LI-8100A, LI-

COR, Inc., Lincoln, Nebraska, USA) measured sub-hourly Rs at the study site day and night 

from Feb. 2016 till Feb. 2017. The LI-8100A is an Automated Soil Gas Flux System which 

measures CO2 flux from the soil using a single long-term transparent chamber and an 

Analyzer Control Unit (ACU). The infrared gas analyzer (IRGA) installed in the ACU 

measures the change in CO2 in the chamber. One polyvinyl chloride (PVC) collar with a 

diameter of 20.3 cm and height of 11 cm was inserted into the soil to a depth of 6 cm one 

week before measuring Rs to limit soil disturbance and to allow repeated measurements. 
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The vegetation within the collar was cleared off to make sure that the soil remains bare 

over the entire observation period. We programmed five measurements per hour with an 

observation length of two minutes over a period of one year.  

Near the chamber at 5 cm depth below the ground surface, the soil volumetric water 

content, also called SM, was measured using an ECH2O model EC-5 (Decagon Devices, Inc., 

Pullman, WA, USA). In addition, the system was powered with a 260 Watt solar panel. 

Overall, ~7% of the Rs data were not observed due to instrument failure. 

 

Results 

Using the Kolmogorov–Smirnov (KS) test, we find that the distribution of Rs during 

heatwave periods at the semi-arid SJMR study site is significantly different than its 

distribution under non-heatwave conditions, at a significance level of 0.05 (or 95% 

confidence level) (see materials and methods section). Based on this detectable difference, 

we further compare the probability density function (PDF) of measured Rs conditioned on 

i) heatwave and ii) non-heatwave conditions. 

The shaded area under the PDF curves in Fig. (2.1 A) corresponds to the likelihood 

of Rs exceeding its mean value (~1.1 μmol CO2/m2s) based on equation [1] in the Materials 

and Methods Section. The likelihood of Rs exceeding its mean value rises from 35% during 

non-heatwave cases to 47% during heatwave situations, which indicates a significantly 

higher likelihood of observing large Rs rates during heatwave events. Furthermore, the 

mode (i.e., most likely value) of the Rs distribution during heatwaves shifted to higher Rs 

rates with respect to its distribution during non-heatwave periods.  
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Fig. (2.1 B) shows the distribution of Rs conditioned on heatwave/non-heatwave 

and dry/wet SM content scenarios based on equation [2] (see Materials and Methods). The 

shaded area under the PDFs indicates the likelihood of Rs surpassing its mean value during 

heatwave/non-heatwave periods conditioned on dry (dHW/dNHW) and wet 

(wHW/wNHW) SM cases. The results suggest a significantly higher likelihood of high Rs 

rates during heatwaves with low (dHW: 39%) and high (wHW: 48%) SM content compared 

to non-heatwave conditions with low (dNHW: 30%) and high (wNHW: 37%) SM content. 

The lower values of Rs during both dry conditions (dHW and dNHW) with respect to the 

wet condition (wHW and wNHW) cases can be attributed to limited SM availability (Hoover 

et al., 2016; Yan et al., 2014). Interestingly, we find that even for low SM content the 

occurrence of heatwaves leads to an increased likelihood of higher Rs rates (dNHW: 30% 

vs. dHW: 39%). Nevertheless, sufficient moisture availability during wHW and wNHW 

increases the likelihood of above average Rs by a factor of 1.3 with respect to both dry 

scenarios. As a result, when heatwaves impact Rs in a semi-arid area, we have, on average, 

30% more Rs. Furthermore, we can confirm that SM is the key component dominating the 

response dynamics of Rs.  
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Figure 2.1: PDFs of Rs during (non-) heatwaves at the San Joaquin Marsh Reserve. 
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Since Rs rates often vary on a diel basis (i.e., a 24-hour continuous period, including 

both the day and night) due to hydroclimate and light variability, we explore how 

heatwaves change the diel variation of Rs (e.g., magnitude and diurnal pattern). In Fig. (2.2 

A), we provide a detailed, high-resolution description of the impacts of heatwave/non-

heatwave events on the diel variation of Rs. The dotted/solid line in Fig. (2.2 A) shows the 

diurnal cycle of Rs or in other words the average Rs released under heatwave/non-

heatwave conditions for each hour of the day. The results indicate that higher rates of soil 

respiration consistently occur during heatwaves as compared to non-heatwave conditions. 

Nonetheless, both climatic conditions exhibit the highest Rs rates between 7:00 and 11:00. 

Here and after, all times are provided in local time (UTC – 8 hours). Interestingly, we 

observe that during dusk between 17:00 and 20:00 (shown as a gradient in the shading), 

Rs increases gradually until dawn rather than maintaining an almost constant value (close 

to zero) throughout the night as previous studies have generally shown. Using dew point 

temperature information, Anjileli et al. [2019] concluded that an additional source of 

moisture (i.e. dew) other than precipitation arises after dusk (through dawn), which is 

responsible for the partial increase of Rs we observe (Agam & Berliner, 2006; McHugh et 

al., 2015). Fig. (2.2 B) displays the variability of heatwave/non-heatwave scenarios, 

associated with the results climatological mean diurnal cycles from Fig. (2.2 A). The 

greatest impact of heatwaves on the Rs rate and its variability occurs during the morning 

(07:00 to 11:00) compared to non-heatwave conditions. 
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Figure 2.2: Mean diel Rs cycle and variability during heatwave and non-heatwave. 
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The study locations outside of the CONUS lack of either a near weather station or 

long-term hourly air temperature, thus, we focus on the study sites across the CONUS. We 

extend the above analysis to the additional ten sites across the CONUS (Mauritz & Lipson, 

2013; Pennington et al., 2019; C. L. Phillips et al., 2013; S. C. Phillips et al., 2010; Roby et al., 

2019; Ruehr et al., 2012; Savage et al., 2008; Sihi et al., 2018; Zhang et al., 2018) (see Figure 

2.3 and Table 1), we find similar Rs responses to heatwaves across all sites.  

 

Figure 2.3: Study sites across the CONUS. 
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Table 1: Additional information regarding the COSORE study sites. 

 

Each panel in Fig. (2.4) displays the probability of exceeding the Rs mean values 

[Pex (%)]. The names of the study sites correspond to the author that has obtained the data 

(see Table 1). For a more detailed descriptions of the conditional PDFs and their 

Site Name 
Lat; 

Lon 

Study Site; 

SM (m3/m3) 

Land 

Cover 

Nearest 

Weather 

Station 

Data Source Publication 

SDSU 

Santa 

Margarita 

Ecological 

Reserve 

33.442; 

-117.164 

Dry < 0.12 

Wet > 0.20 

Open 

Shrubland 

Camp 

Pendleton 

Mcas, CA 

Mauritz et al., 

2013 

10.5194/bgd-10-6335-

2013 

San 

Joaquin 

Marsh 

Reserve 

33.658;  

-117.849 

Dry < 0.23 

Wet > 0.27 
Wetland 

Santa Ana 

John Wayne 

Airport, CA 

Anjileli et al., 

2019 

10.1029/2018JG0046

40 

SERC-

GCReW 

Forest 

38.875; 

-76.552 
Wet > 0.45 

Deciduous 

Broadleaf 

Forest 

Camp Springs 

Andrews Afb, 

MD 

Pennington et 

al., 2019 
10.5194/bg-2019-218 

Morgan 

Monroe 

State 

Forest 

39.323; 

-86.413 

Dry < 0.25 

Wet > 0.35 

Deciduous 

Broadleaf 

Forest 

(Maple) 

Indianapolis 

Intern. 

Airport, IN 

Zhang et al., 

2018 

10.1016/j.agrformet.2

018.05.005 

Morgan 

Monroe 

State 

Forest 

39.323; 

-86.413 

Dry < 0.30 

Wet > 0.37 

Deciduous 

Broadleaf 

Forest (Oak) 

Indianapolis 

Inter. Airport, 

IN 

Zhang et al., 

2018 

10.1016/j.agrformet.2

018.05.005 

Young 

Pine 

Plantation 

44.323; 

-121.608 
N. A 

Evergreen 

Needleleaf 

Forest 

Redmond 

Airport, OR 

Ruehr et al., 

2012 

10.1016/j.agrformet.2

012.05.015 

Prospect 

Hill Tract 

(Harvard 

Forest) 

42.540; 

-72.170 

Dry < 0.30 

Wet > 0.36 

Deciduous 

Broadleaf 

Forest 

Worcester, 

MA 

Savage et al., 

2008 

10.1111/j.1365-

2435.2008.01414.x 

Prospect 

Hill Tract 

(Harvard 

Forest) 

42.540; 

-72.170 
N. A 

Deciduous 

Broadleaf 

Forest 

Worcester, 

MA 

Varner et al., 

2010 

10.1029/2008JG0008

58 

Willow 

Creek 

45.806; 

-90.080 

Dry < 0.24 

Wet > 0.33 

Deciduous 

Broadleaf 

Forest 

Wausau Asos, 

WI 

Desai et al., 

2013 

10.5194/bg-10-7999-

2013 

Howland 

Forest 

45.204; 

-68.7402 

Dry < 0.25 

Wet > 0.29 
Wetland 

Millinocket 

Airport, ME 
Sihi et al., 2018 

10.1016/j.agrformet.2

018.01.026 

Walnut 

Gulch 

Kendall  

31.736; 

-109.942 

Dry < 0.06 

Wet > 0.12 
Grassland 

Sierra Vista 

Airport, AZ 

Roby et al., 

2019 

10.3390/soilsystems3

010006 
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exceedance values please see Figure 2.5. Across the study regions, the Pex during non-

heatwaves elevates, on average, from 43% to 54% during heatwaves. Therefore, during 

heatwaves the Rs rate is 26% more compared to non-heatwaves across all study regions. 

The lowest Pex value during non-heatwaves (35%) is found in the semi-arid study site 

(SJMR). Semi-arid areas are well known for the lowest Rs values due to their limited SM 

content (Anjileli et al., 2019). We observe that the highest Pex values occur during 

heatwaves (62%) in open shrublands (Mauritz) and an evergreen needleleaf forest (Ruehr) 

in California and Oregon, respectively.  

Figure 2.4: Summary of Rs under (non-) heatwave  conditions and under wet & dry scenarios 
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Since Rs is sensitive to SM, we also investigate the Rs dynamics of the other study 

areas during heatwave and non-heatwave events conditioned on both dry and wet SM 

conditions as we show in Fig. (2.4 B and C). Overall, we again find consistent results among 

the SJMR and the other sites in CONUS (cf. Figs. 2.1 B and 2.5 B). By averaging the same 

events and conditions of all study sites which is shown as the mean (beyond the dashed red 

lines) (i.e., wHW, wNHW, dHW, dNHW), we find that the Pex during heatwave and wet 

conditions shows higher values (wHW: 36%) with respect to non-heatwave and wet 

conditions (wNHW: 21%). Performing the same analysis, we also show that during 

heatwave and dry events the Pex increases (dHW: 54%) compared to non-heatwave and 

dry situations (dNHW: 45%). These results show that SM not only plays a key role in semi-

arid areas, but also in other land cover regions.  
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Figure 2.5: PDFs of Rs for the ten individual study sites. 
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Discussion and Conclusion 

Although semi-arid regions have the lowest Rs rates compared to other ecosystems 

on earth (Oertel et al., 2016), our designed observational study and the study sites across 

the CONUS show that Rs responds to heatwaves and in particular, to concurrent heatwave 

and high SM conditions. It appears that the soil community is resilient to extreme heat 

events which leads temporarily to a significant increase in respiration rates (Mooshammer 

et al., 2017). Schimel et al. (2007) concluded that microbial communities which have been 

earlier exposed to perturbations are usually more resistant to forthcoming disturbances 

with respect to those which have not. This is particularly crucial since disturbance such as 

heatwaves are likely to increase in frequency and intensity in the next several decades 

(AghaKouchak et al., 2015). However, climate change influences the nutritional balance (i.e. 

nutrient stoichiometry) of soils which has a crucial impact on the dynamics of the soil 

microbial community (Mise et al., 2018). Therefore, the carbon cycle is biologically coupled 

from molecular to global scales (Finzi et al., 2011). Despite the fact that the complexity, 

diversity, and heterogeneity of the soil is intricate, multiple taxonomic and functional facets 

of diversity could describe the resilience of the soil community to heat extreme events 

(Bardgett & Caruso, 2020; Mooshammer et al., 2017).  

Even though the underlying processes still remain unclear, heatwaves have caused 

the soil community to respire an amount of ~200 g CO2/m2 yr across the CONUS. These 

designed measurements across the CONUS are single-point measurements collected at 

different time periods ranging from 6 months to 3 years. However, they show a clear 

pattern namely that during heatwaves an increase in Rs rate is visible. Previous studies 

have not reported this type of value, which we argue may be critical when projecting CO2 
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flux feedbacks to the carbon cycle with respect to climate extreme events such as 

heatwaves. This value is provided based on 11 study sites across the CONUS and indicates 

that more in-depth research is needed to fully understand the contribution of extreme 

events such as heatwaves to Rs across the globe. Furthermore, this Rs amount could 

increase with longer and more severe heatwaves as expected in the future (Zscheischler et 

al., 2014). Since previous in-situ observations have not measured the Rs response to 

heatwaves (e.g., rate, amount) at the high frequency that we present here, the terrestrial 

feedback to the carbon cycle may be largely underestimated without capturing these high-

frequency extreme heatwave events. 
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CHAPTER 3  

The terrestrial carbon flux sink weakens exceeding 1.5 oC of warming 
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Introduction 

The terrestrial net ecosystem exchange (NEE) sequesters 25% to 30% of the 

anthropogenic carbon dioxide (CO2) emissions from the atmosphere (Liu et al., 2018; 

Reichstein et al., 2013; Wolf et al., 2016). NEE is a crucial indicator for assessing the 

terrestrial biosphere health and sustainability (Schwalm et al., 2015) and is characterized 

as the imbalance between CO2 assimilation via gross primary production (GPP) and release 

via total ecosystem respiration (TER) (Liu et al., 2018). NEE can be employed for 

identifying carbon sinks (i.e., negative values associated with carbon uptake by the 

ecosystem; NEE<0) and carbon sources (i.e., positive values corresponding to carbon 

release by the ecosystem; NEE>0) of the terrestrial biosphere (Yuan et al., 2011). The NEE 

pathway is governed by several factors including environmental variables (e.g., 

temperature, precipitation, soil moisture, solar radiation), physiographic characteristics 

(e.g., elevation slope), and soil characteristics (e.g., organic matter, carbon content, pH) 

(Dorji et al., 2014; Sun et al., 2018). Among them, one of the main driving forces is 

temperature variability, which plays a crucial role in regulating NEE (Keenan et al., 2016; 

Marcolla et al., 2011). Nevertheless, according to the Intergovernmental Panel on Climate 

Change (IPCC), the terrestrial biosphere will be affected not only through changes in the 

climate variability (e.g., temperature), but also through changes in the global mean 

temperature (Medvigy et al., 2010).  

As the global mean temperature increases, mainly due to increasing atmospheric 

CO2 concentrations, possible changes in the phenology can alter the terrestrial carbon 

balance (Keenan et al., 2014; Oishi et al., 2018). A warm winter causes a delay of the spring 

time (i.e., later bud burst) due to chilling requirements (Yu et al., 2010). On the other hand, 
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leaves appear earlier as spring becomes warmer, thus extending the growing season length 

or the so-called carbon uptake period (CUP) (Danielewska et al., 2015; Hu et al., 2010; 

Keenan, 2015; Yu et al., 2010). For instance, a warmer spring (i.e., occurring earlier in the 

year) leads to an extension of the ecosystem CUP, therefore, enhancing the strength of the 

terrestrial carbon sink. In contrast, a warmer autumn (i.e., occurring later in the year) leads 

to a greater increase in soil respiration rather than photosynthesis (Keenan et al., 2014). 

The increasing CUP has led to a phenomenon known as global greening, particularly in the 

Northern Hemisphere (Hu et al., 2010; Keenan, 2015), which is corroborated through 

satellite observations (e.g., normalized difference vegetation index (NDVI) from Moderate 

Resolution Imaging Spectroradiometer (MODIS)) since 1980 (Bastos et al., 2017). Hence, 

the CUP is not only a primary determinant of the annual NEE (Baldocchi et al., 2001), but it 

is also associated with the transition temperature (Ts) (Yuan et al., 2011). Ts is defined as 

the temperature at which NEE switches from being a carbon source to a sink. Therefore, 

understanding shifts in Ts or long-term temperature (Tlgtrm) and their implications on the 

terrestrial biosphere are critical global issues for a variety of sectors, such as climate, 

ecology, biology, and hydrology. Consequently, understanding the response of the 

terrestrial biosphere to temperature shifts (i.e., increases in Ts or Tlgtrm) may result in an 

enhanced insight into the terrestrial biosphere (Yuan et al., 2011).  

Since air temperatures are anticipated to continue to increase globally, concerns 

have been raised regarding the rate and amount of carbon that may be absorbed and 

stored in the terrestrial biosphere in a changing climate (Peters, 2018; Schaphoff et al., 

2006). Furthermore, in recent years maintaining a global temperature increase below 2 oC 

or allowing for the possibility of 1.5 oC of warming relative to the preindustrial level based 
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on Article 2 of the Paris Agreement (Peters, 2016), raises questions about the implications 

of warming on the terrestrial biosphere. Several large-scale models (e.g., earth system 

models (ESM), general circulation models (GCM), terrestrial biosphere models (TBM), 

Trendy, etc.) have been used to study the influence of warming on the terrestrial biosphere 

in the future (Fatichi et al., 2019; Fernández-Martínez et al., 2019; Green et al., 2017). 

Results suggested that photosynthesis will either increase, albeit in a diminishing way, or 

be constrained (Baldocchi et al., 2016; Fernández-Martínez et al., 2019). Such debates 

highlight open questions regarding how the terrestrial biosphere responds to temperature 

changes (Way, 2019). These discussions, therefore, motivate our research, where we 

characterize the historical response of NEE to various levels of warming across different 

vegetation types around the globe. Using a historical spatially distributed NEE data set 

derived from remote sensing, our results may provide insight into possible future NEE and 

temperature relationships. We determine the impact of warming on NEE by quantifying 

changes in the probability that  a specified threshold will not be exceeded (i.e., non-

exceedance probability or Pne) for different temperature variables and values (Huning and 

AghaKouchak, 2018). This approach (i.e., Pne) provides new insights into detecting and 

assessing changes in the NEE distribution in response to shifts in hydroclimate variables 

(Anjileli et al., 2019).  

The objective of our study is to explore the extent to which NEE varies in terms of its 

rate and CUP across various vegetation types (e.g., Mediterranean, temperate, deciduous 

forests) around the globe given a 1.5 to 2 oC increase in temperature based on Ts and Tlgtrm. 

We use a conditional probabilistic model, where we investigate changes in the probability 

distribution of NEE to answer the following questions: 1) What is the likelihood that the Pne 
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of NEE changes with increasing temperature? And 2) To what extent does increasing 

temperature change the length of CUP?  

 

Materials and Methods 

NEE and Temperature 

According to Stocker et al. (2019), most remote sensing data-driven models, which 

are used to estimate the terrestrial photosynthetic activity, neglect soil moisture despite 

the fact that soil moisture has a direct impact on the terrestrial biosphere. For this reason, 

we obtain a remote sensing-derived NEE data set based on the soil moisture active passive 

(SMAP) satellite. The Level 4 Carbon (L4C) product provides global gridded daily carbon 

fluxes (e.g., gross primary production (GPP), heterotrophic respiration (RH), net ecosystem 

exchange (NEE), soil organic carbon (SOC)) with a spatial resolution of 9 km 

(https://nsidc.org/data/spl4cmdl). We download the SMAP L4C product, which provides 

NEE values for nearly 4 years from 31 March 2015 to 16 January 2019 (Kimball, 2016) and 

process the data using NASA’s HDF-EOS To GeoTIFF Conversion Tool (HEG) 

(https://newsroom.gsfc.nasa.gov/sdptoolkit/HEG/HEGDownload.html). SMAP L4C is 

derived using soil moisture input from the SMAP satellite, land surface temperature and ice 

motion and temperature information from the visible infrared imaging radiometer suite 

(VIIRS), and land cover and vegetation inputs from the moderate resolution imaging 

spectroradiometer (MODIS) satellite (Reichle et al., 2015) with the land surface model from 

NASA Goddard Earth Observing System, Version 5 (GEOS-5). The SMAP L4C data set 

accuracy has been verified and displays a high correlation with photosynthesis (e.g., GPP, 

https://nsidc.org/data/spl4cmdl
https://newsroom.gsfc.nasa.gov/sdptoolkit/HEG/HEGDownload.html
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TER, NEE) through eddy covariance tower (i.e., flux-tower sites) observations around the 

globe (Jones et al., 2017). Therefore, eddy flux tower measurements are not used to derive 

the SMAP L4C. The SMAP L4C data set is spatially upscaled to 0.5 degree and temporally 

synchronized, due to missing data, in order to be consistent with the climate prediction 

center (CPC) temperature data set. 

Long-term mean temperature (Tlgtrm) is calculated by using daily minimum and 

maximum air temperature with a grid resolution of 0.5° from 1 January 1979 until 16 

January 2019 from the CPC global temperature data obtained from the NOAA/OAR/ESRL 

PSD, Boulder, Colorado, USA 

(https://www.esrl.noaa.gov/psd/data/gridded/data.cpc.globaltemp.html). Tlgtrm is 

calculated for each grid (cell) by averaging the sum of daily minimum and maximum 

temperatures.  

Daily mean temperature (Tmean) is calculated using daily minimum and maximum 

temperature data from 31 March 2015 to 16 January 2019. To detect the transition 

temperature (Ts) from carbon source to sink, we evaluate the relationship between NEE 

and Tmean for each grid cell. We use a moving bin-average technique with a step size of 1°C 

and a moving window of 3°C to remove residuals (i.e., outliers) and reveal the overall 

trend. We determine Ts when the NEE values of the moving average switch from positive to 

negative (i.e., when the arithmetic mean of the consecutive NEE values equals zero). 

Furthermore, we obtain the optimum temperature (Topt) or the temperature where the 

most carbon uptake takes place, by detecting the lowest negative NEE value and its 

associated temperature.  

https://www.esrl.noaa.gov/psd/data/gridded/data.cpc.globaltemp.html
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To extract the NEE and temperature data for the various terrestrial biosphere forest 

regions around the globe (e.g., Mediterranean, temperate, deciduous forests), we use the 

global terrestrial ecoregions dataset from The Nature Conservancy (2009) 

(http://maps.tnc.org/gis_data.html).  

 

Conditional Probability and CUP 

While other hydroclimate variables beyond temperature (e.g., precipitation and 

solar radiation) also impact NEE, the focus of this study is on enhancing our understanding 

of NEE distributions conditioned on temperature change. Therefore, we use a probabilistic 

model, similar to that described by Anjileli et al. (2019), to investigate the probability 

density function (PDF) of NEE conditioned on different temperature values. We obtain the 

non-exceedance probability (Pne) by computing the integral of the PDF below a certain 

threshold (i.e., the chance that the designated threshold will not be exceeded). We identify 

changes in the NEE distribution, by comparing multiple Pne values, and thereby, assess the 

impact of different temperature values on NEE. The PDF of NEE conditioned on the climate 

variable value (e.g., Ts or Tlgtrm) can be described as follows: 

 

fNEE|T(𝑛|𝑡) = [fT(𝑡)  ∩  fNEE(𝑛)] fT(𝑡)⁄      [1] 

 

where fT(𝑡) and fNEE(𝑛) represent the marginal probability distribution functions of 

temperature (e.g., either Ts or Tlgtrm) and NEE, respectively. Here, Pne describes the 

probability of not exceeding a certain threshold (NEE < 𝑛) for various temperature values 

(T = 𝑡1, 𝑡2, 𝑡3, …). In this study, the mean NEE conditioned on Ts is zero. In order to be able 

http://maps.tnc.org/gis_data.html


58 
 

to compare various probability distributions, we use 𝑛 = 0 as the designated non-

exceedance threshold for further analysis. In other words, Pne allows us to focus only on the 

negative NEE values that are associated with the carbon sink. To ensure that the outcomes 

of the PDFs are reliable and of an adequate sample size, we require a minimum of 25 and 

250 data points within a temperature range of ± 0.5°C and ± 0.1°C for the global and 

regional analysis, respectively.  

Although different methods (e.g., field observations and models) can be used to 

quantify the changes in the CUP (Barnard et al., 2018). Here, we use a conditional approach 

to determine the changes in the length of CUP given a 1.5 oC to 2 oC increase in temperature 

based on Ts. We determine the CUP changes in the length (𝐶𝑈𝑃) by using two different 

conditions. The mathematical representation is as follows: 

 

𝐶𝑈𝑃 =
𝑥2

𝑥1
∗ 𝐶𝑈𝑃̅̅ ̅̅ ̅̅         [2] 

 

where, 𝑥1, 𝑥2, and 𝐶𝑈𝑃̅̅ ̅̅ ̅̅  represent the number of NEE sink (NEE < 0) data points 

conditioned on Ts, the number of NEE sink data points based on either (Ts + 1.5) or (Ts + 2.0 

oC), and the average CUP. Overall, the CUP of different forest types varies between 140 and 

200 days (Flexas et al., 2012). In this study, we assume that at Ts the 𝐶𝑈𝑃̅̅ ̅̅ ̅̅  is associated with 

164 days of carbon sink, by considering that the 𝐶𝑈𝑃̅̅ ̅̅ ̅̅  begins with spring on 20 March and 

concludes at the end of summer on 31 August.  
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Results and Discussion 

Comparison of Temperature variables 

Figure (3.1 A) displays the latitudinal mean of long-term temperature (Tlgtrm), the 

optimum temperature (Topt), and the transition temperature (Ts). For each environmental 

variable, the shaded area represents the range of variability and the solid line represent the 

mean. For temperatures exceeding Ts, we can expect the onset of carbon uptake. Ts ranges 

from ~0 oC to ~26 oC and the global average Ts is ~15.4 oC. Large spatial gradients in Ts are 

observed with latitude changes. Overall, maximum values of Ts can be found over the 

tropical forests, savannas, and drylands; in contrast, minimum values prevail not only at 

higher latitudes but also across mountainous regions. Generally, higher Ts values occur 

when higher Tlgtrm prevail. Topt also called thermal adaption, which describes the 

temperature where the most carbon uptake takes place, ranges from ~6 oC to ~28 oC and 

where global the mean Topt lies around 20 oC. As expected, Topt is warmer than Ts and takes 

on cooler values in the lower and higher latitudes. Topt, Ts, and Tlgtrm are becoming close to 

each other between the equatorial and dryland (± 30 o) regions. Small differences among 

these variables may originate from the fact that the annual temperature variability has a 

small fluctuation range around the equator. Globally, Ts and Topt are higher in warmer sites 

than cold sites (Niu et al., 2012). The latitudinal spatial pattern of Topt shown herein yields 

similar results with (Huang et al., 2019; Way, 2019).  

The right panel in Figure (3.1 A) presents the PDFs of the mean of Topt, Ts, and Tlgtrm. 

Our results show that Tlgtrm has a negatively skewed distribution with respect to Topt and Ts 

and a mode of ~23 oC. Interestingly, Ts displays a bimodal distribution in which the most 

likely values are found to occur at ~5 oC and ~22 oC. Our findings suggest that cold sites  
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Figure 3.1: Latitudinal mean of Tlgtrm, the Topt, and the Ts, and their relationship. 
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(e.g., boreal, tundra, and mountain regions) have a lower Ts value (~5 oC) compared 

to warmer sites and forest (e.g., temperate and deciduous forests) that have a higher Ts 

value (~22 oC), implying a dependency of Ts on the background climate. Topt is centered at 

higher values and Tlgtrm is the most skewed distribution compared to the other PDFs. 

To describe the relationship between the temperature variables (i.e., Tlgtrm and Ts, 

Tlgtrm and Topt, and Topt and Ts), we use a linear regression response function as shown in 

Figure (1B). We fit the linear response function using the mean temperature values shown 

in Figure (1A). Figure (3.1 B) exhibits the relationship between pairs of variables (Tlgtrm and 

Ts, Tlgtrm and Topt, and Topt and Ts) as circles and the third temperature variable (Topt, Ts, and 

Tlgtrm, respectively) via the shading of the circles. Figure (3.1 B) indicates strong, 

statistically significant positive correlations exist between the pairs of temperature 

variables with coefficients of determination (R2) of 0.89, 0.77, and 0.75 between Tlgtrm and 

Ts, Tlgtrm and Topt, and Topt and Ts, respectively. A stronger correlation exists between Tlgtrm 

and Ts than between Tlgtrm and Topt. These results emphasize the relationships present in 

Figure (1A), which indicate that when higher Tlgtrm values occur, Ts and Topt values are also 

elevated.  

 

Global Analysis of NEE under 1.5 to 2.0 oC of Warming 

Each panel in Figure (3.2) represents Pne for 1.5 oC and 2.0 oC warming based on Ts 

and Tlgtrm. When considering NEE conditioned on Ts (Figure (3.2 A)), we find that Pne is 

~37.8% when averaging all latitudes. For a 1.5 oC increase, Pne becomes ~48.2% more 

likely that the NEE sink will become larger than the Pne value given Ts. As the transition 

temperature increases by 2.0 oC, Pne further increases to ~52.4%. Therefore for 1.5 oC (2.0 
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oC) of warming, Pne is a factor of 1.27 (~1.38) times higher than when Pne is computed for 

Ts. Furthermore, it is visible that Pne shifts evenly along all latitudes to higher values with 

elevating temperatures. Overall, Pne based on Ts increases up to 14% which indicates that a 

NEE sink is more likely to occur with warming. While the rate of Pne increases substantially 

(+10%) with a 1.5 oC temperature increase, a much smaller Pne rate is visible (+4%) with 

temperature increase from 1.5 oC to 2 oC.  

 

 

In Figure (3.2 B) we similarly assess the Pne values where NEE is conditioned now 

on Tlgtrm, and we also consider the same temperature increases as shown in Figure (3.2 A). 

Figure (3.2 B) exhibits that Pne elevates towards higher NEE sinks unevenly along all 

Figure 3.2: Latitudinal mean of the Pne of the NEE distribution. 
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latitudes with increasing temperature. Furthermore, we determine that at ±10o latitude, 

the Pne values corresponding to the 1.5 oC and 2 oC warming cases display two depressions, 

which can be attributed to inadequate sample size and missing data. This means that not 

only are we missing data across these regions, but also with increasing temperature, the 

number of NEE data points of several grids for constructing a PDF decreases to less than 

the required 25 data points (see Materials and Methods). On average, Pne is ~35.3%, and 

with a temperature increase of 1.5 oC and 2 oC, the average Pne value changes to ~40.3% 

and ~40.9%, respectively. The marginal Pne difference of less than 1% between 1.5 oC and 2 

oC can be explained by forest regions generally being located between 50o to 70o N 

(DeAngelis, 2008). These forest regions show a substantial carbon sink strength at even a 2 

oC rise in temperature. However, both temperature increase scenarios exhibit, on average, 

roughly the same factor (~1.16) of increase in Pne along all latitudes. Therefore, a half 

degree increase from 1.5 oC to 2.0 oC has a minimal or almost no effect on Pne. In other 

words, temperature increases from 1.5 oC to 2.0 oC would contribute nearly no additional 

carbon assimilation across the globe. This means, exceeding a 1.5 oC increase in 

temperature based on Tlgtrm would probably lead to an increase of the anthropogenic 

carbon emission in the atmosphere. This result suggests that keeping the global 

temperature below 1.5 oC of warming relative to preindustrial level is crucially important 

and eventually indispensable.  

 

Regional Analysis 

Globally, NEE and temperature have strong regional and latitudinal signatures as 

shown in Figure (3.2). To better understand the spatial variability of NEE across various 
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temperature regimes (e.g., at high and low latitudes) and vegetation types (e.g., conifer, 

broadleaf, Mediterranean, and sub-tropical moist forest), we select 16 forest regions 

around the globe (see Fig. 3.3) for further analysis by applying our probabilistic 

framework. We divide the 16 forest regions of interest (ROI) into three latitudes ranges 

(i.e., above 50o N, 0o to 50o N, 0o to 60o S) and the study regions are defined using the 

vegetation types (see Materials and Methods). We consider an increase of 1.5 oC to 2.0 oC 

for each region in order to understand the impact of the same amount of warming on a 

variety of regions. In this case, we identify the NEE sink strength of forest areas to warming 

and quantify the associated changes in the distribution.  
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Figure 3.3: 16 selected forest regions across the globe. 
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Response of NEE to Warming Relative to Tlgtrm 

Figure (3.4) presents the Pne for NEE conditioned on Tlgtrm and temperature 

increases of 1.5 oC and 2.0 oC for each of the 16 selected ROI (see Fig. 3.5). The solid colored 

lines are assigned to forest regions in the defined latitude range (see Fig. 3.5). The red 

dashed line represents the average Pne of those forest regions. For a more detailed 

descriptions of the conditional PDFs and their non-exceedance values, see Figure (3.5). For 

ROI above 50o N (top left), Pne increases on average (red dashed line) from 8% to 16% and 

18% for a 1.5 oC to 2.0 oC of rise in temperature, which represents increasing factors of 2 

and 2.25, respectively. When analyzing the same latitudes in the global analysis (Fig. 3.2 B), 

we find that Pne rises from ~15% to 18% and 19% which corresponds to a factor 1.2 and 

1.33 for the same rise in temperatures, respectively. Regions above 50o N cover 33% of the 

terrestrial surface and an increase of the Tlgtrm would not only double the probability of the 

carbon sink, but also decrease ice and snow and increase the risk of fire activities in a 

warming globe (AghaKouchak et al., 2018; Young et al., 2016). Within the range of 0o and 

50o N (top right and bottom left), the Pne of the ROI elevates, on average, from 32% to 37% 

and 39%, which corresponds to factors of ~1.16 and ~1.20 given the same temperature 

increases, respectively. In contrast, for the same latitudes in the global analysis (Fig. 3.2 B), 

the average Pne value increases from 38% to 42% and 43% or factors of increase of ~1.16 

and ~1.22 for 1.5 oC to 2.0 oC of rise warming, respectively. For ROI between 0o to 60o S 

(bottom right), Pne elevates from 42% to 46% and 48% that yield an increase in negative 

(sink) NEE values by a factor of ~1.10 and ~1.14, respectively. In comparison, for latitudes 

0o to 60o S in the global analysis (Fig. 3.2 B), Pne increases from 48% to 50%, which is an 

increase by a factor of ~1.05 for both warming cases. Since we find the highest impact 
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factors (greater than 2) occur at ROI above 50o N, we conclude that these forest regions are 

most susceptible to increasing Tlgtrm.  

 

 

Figure 3.4: Pne and its relationship with Tlgtrm across the 16 selected forest regions. 
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Response of NEE to Warming Relative to Ts 

Column 1 of Figure (3.6) displays the Pne values associated with NEE given 

temperature increases of 1.5 oC and 2.0 oC above Ts for each of the study regions. Here 

Figure 3.5: PDFs of NEE values conditioned on Tlgtrm. 
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again, the solid colored lines are assigned to regions in the defined latitudinal ranges (see 

Figs. 3.7) and the red dashed line represents the average Pne value across the regions with 

common latitudes. For more in-depth descriptions of the conditional PDFs and their non-

exceedance values, we refer the reader to Figure (3.7). For ROI above 50o N (row 1, left), a 

1.5 oC to 2.0 oC rise in temperature above Ts shifts the Pne values, on average, from 38% to 

47% and 50%. The latter two Pne values correspond to an increase of ~1.28 and ~1.37 

relative to that of Ts, for the 1.5 oC to 2.0 oC rise in temperature cases, respectively. In 

comparison, for the same latitudes in the global analysis (Fig. 3.2 A), Pne increases from 

38% to 48% and 52%, which corresponds to increasing factors of ~1.32 and ~1.43, 

respectively. Although high latitudes are known for high temperature variability (-20 oC to 

20 oC) (Herring et al., 2019), temperature variability as low as 4 oC to 8 oC is sufficient to 

switch from carbon source to sink. A literature review indicates that regions at high 

latitudes are the least understood biomes compared to other biomes and a lack of the basic 

understanding of shifts in phenology or temperature exists (Ruckstuhl et al., 2008). 

Therefore, further research is indeed needed to quantify the changes in the CUP based on 

temperature.  
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For ROI from 0o and 50o N (row 2-3, left), Pne elevates on average by a factor of ~1.13 

and ~1.18 from 44% to 50% and 52% for a temperature increase of 1.5 oC and 2.0 oC, 

Figure 3.6: Pne and its relationship with T. and Change in CUP. 
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respectively. Furthermore, we observe that the four forest types (i.e., temperate conifer 

broadleaf, Mediterranean, and sub-tropical moist broadleaf) have different Ts values. While 

the Ts values of the temperate conifer broadleaf forest are ~7 oC, they are found between 

10 to 17 oC for the temperate broadleaf forest and close to 23 oC for the sub-tropical moist 

broadleaf regions. One reason for this variability in Ts values could be that different forest 

types need more/less time to unfold leaves in order to sequester carbon from the 

atmosphere. Additional unfolding time is associated with a higher temperature as spring 

evolves into summer (Baldocchi, 2008). Averaging all ROI from 0o to 60o S (row 4, left), Pne 

increases from 39% to 49% and 52%, which represent a rise by a factor of ~1.26 and 

~1.32 for a 1.5 oC to 2.0 oC of temperature increase, respectively. Across these latitudes, we 

find similar patterns with respect to Ts and the forest types that are observed in the 

northern hemisphere between 0o and 50o N. The Ts of temperate broadleaf forests lies 

around 8 to 12 oC, while it is close to 23 oC for sub-tropical moist broadleaf regions.  

Overall, the Pne value based on Ts increases, similar to the global analysis in Figure 

(3.2 A), substantially with a 1.5 oC temperature increase, while a much smaller Pne is visible 

from 1.5 to 2 oC temperature increase. In other words, the Pne indicates that with a 1.5 oC 

temperature increase, a higher increase in the likelihood of having more NEE sinks 

compared to a 2 oC temperature increase. As a result, a shift in Ts would increase Pne and 

thus, leading of having more NEE sinks, nevertheless it would also change all biophysical 

processes such as hydrology, soil development, biogeochemical cycles and population 

dynamics of organisms and vegetation, and phenology or CUP (Ruckstuhl et al., 2008).  
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In Figure (3.5), we not only show that warmer temperatures shift Pne toward higher 

values (column 1), but we also provide insight in the number of carbon sink days for each 

ROI (i.e., length in the CUP for a 1.5 oC to 2.0 oC rise in temperature) (column 2). Figure (3.5) 

(column 2) indicates the length of the CUP, for a 1.5 oC to 2.0 oC rise in temperature, is 

similar across all forest regions and latitude ranges. On average, for a temperature increase 

Figure 3.7: PDFs of NEE conditioned on Ts. 
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of 1.5 oC, the length of the CUP increases for ROI below 50o N from 164 to 210 days 

(~28%), whereas for a temperature rise of 2.0 oC, the length increases to 221 days (~35%). 

Thus, a 1.5 oC increase in temperature lengthens the CUP by ~46 days, which suggests for 

instance, that spring would begin 23 days earlier than the 20th March and summer would 

end 23 days later than 31st August. However, boreal and tundra regions (row 1,right) are 

characterized as being very sensitive to changes in CUP and having a very short CUP of less 

than 3 months (~90 days) (Beck et al., 2011; Flexas et al., 2012; Macias Fauria and Johnson, 

2008). An increase of 1.5 oC to 2.0 oC in temperature at high latitudes would likely shift the 

CUP from 90 days to 112 days (25%) and 121 days (35%), respectively.  

Generally, under warmer atmospheric conditions, it is very likely that more global 

greening will be observed due to the extension of the CUP. Keenan et al. [2014] reached 

similar conclusions using ground observations and showed that the CUP of the Harvard 

Forest in the Eastern USA extended by ~28 days from 1990 to 2012 which led to more 

greening. During this time period, the temperature increased between ~0.6 to 0.8 oC. Thus, 

we assume a 1.5 oC of temperature increase of the Harvard Forest would probably extend 

the CUP to ~56 days which is a potential estimate and a simplification. Furthermore, 

Christiansen et al. [2011] concluded by using models and three future emission scenarios 

that the CUP of 14 basins across the USA would increase between 27 to 47 days. Using our 

historical data in combination with probabilistic analysis, we determine for increasing 

temperatures, on average, a value of ~53 days across the ROI (e.g., East USA) in the same 

latitude range. This shows that historical data in combination with probabilistic analysis 

could be used to show changes in the duration of CUP for 1.5 oC to 2.0 oC of warming. 
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Nevertheless, more extensive research is needed to determine changes in phenology and 

length of CUP in different parts of the globe with respect to increasing temperature.  

 

Conclusion 

While carbon fluxes in the terrestrial biosphere will be affected as temperatures are 

projected to increase across the globe, to what extent they respond to a 1.5 oC to 2.0 oC 

increase in temperature is still unclear. Using our novel conditional probability model, we 

quantify and characterize the degree that NEE has historically responded to different levels 

of warming based on Tlgtrm and Ts. The Pne amplifies as the temperature increases, which is 

revealed when the likelihood of a carbon sink (NEE<0) becomes larger for 1.5 oC or 2.0 oC of 

warming than its value when considering Tlgtrm (Ts). We show that the Pne for NEE 

conditioned on 2.0 oC above Tlgtrm is almost the same as for a 1.5 oC change, indicating that 

no additional carbon assimilation occurs beyond 1.5 oC above the Tlgtrm. Given the 

discussion about 1.5 oC to 2.0 oC, we suggest keeping the Tlgtrm below 1.5 oC since further 

increase in temperature leads to no substantial changes in the Pne. Exceeding 1.5 oC would 

probably increase the airborne fraction of carbon. Moreover, we find that the Pne elevates 

by a factor of 1.3 (1.4) for a 1.5 oC (2.0 oC) change in temperature relative to Ts. A shift in Ts 

does not only increase the Pne, but also changes the CUP. We demonstrate that for a 1.5 oC 

and 2.0 oC temperature rise, the CUP increases by 22 days and 31 days for regions > 50o N 

and 46 days and 57 days for regions < 50o N, respectively. With the extension of the CUP, it 

is very likely that more global greening will be monitored around the globe, under warmer 

atmospheric conditions. Even though we do not employ projections of future carbon flux 

exchange, our results emphasize the response of NEE to even small changes in the 
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temperature. Our framework can be applied to other terrestrial biosphere or climate 

variables, due to its general adaptability to better understand their response to warming.  
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CHAPTER 4  

Summary and Conclusions 
 

The terrestrial biosphere sequesters between 25% to 30% of the anthropogenic CO2 

emissions from the atmosphere. The elevated CO2 in the atmosphere can change the 

terrestrial biosphere behavior in the next decades. This means that the terrestrial 

biosphere can change its characteristics from carbon sink to source or vice versa based on 

the (extreme) climate event. Several bottom-up (i.e., in-situ measurements) and top-down 

(i.e. inverse and ecosystem models) approaches have been developed and are widely used 

to understand and quantify the relationship between the terrestrial biosphere and 

atmosphere. The downsides of these approaches are lack of spatially and temporally 

consistent observations and distinct but interconnected environments (e.g., bottom-up), 

and that they display high uncertainties and are computationally intensive (e.g., top-down). 

Nevertheless, the terrestrial biosphere-atmosphere carbon exchange is still among the 

most uncertain components of the global carbon cycle. Several studies have focused on 

large scale and low-temporal resolution relationships in order to study the carbon flux 

exchange or CUP; however, the uncertainties and gaps are more pronounced when it comes 

to short-term responses of the terrestrial biosphere to extreme events. Therefore, we need 

to accurately assess the nuances of the terrestrial biosphere.  

The first chapter of this dissertation focuses on my experimental study in which I 

accurately analyze soil respiration, since it is peculiarly sensitive to climate variability and 

extreme events. First, I analyze and quantify continuous high frequency Rs in response to 

any hydroclimate variable of interest (e.g., Tsoil or SM), using the conditional probability 
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density function (PDF). The PDFs show not only the most likely value (highest density), but 

also the entire distribution of the expected Rs. I show that Rs follows a similar Gaussian 

pattern with increasing Tsoil. The rate of Rs increases below ~18°C, decreases up to ~27°C, 

and shows almost no response beyond ~27°C, with increasing Tsoil. Using the probabilistic 

model, I assess both the increasing and decreasing response of Rs with increasing Tsoil. 

When Tsoil increases from 14°C to 17°C, the probability of exceeding annual mean of Rs 

(1.2 μmol CO2/m2s) increases by 33%. Furthermore, I show that with increasing Tsoil from 

20°C to 23°C the probability of exceeding the annual mean of Rs declines by 35%. 

Considering SM in conjunction with Tsoil in the probabilistic model, I reveal that increasing 

SM at lower temperatures (e.g. 17 °C) decreases the probability of exceeding annual mean 

of Rs. However, this characteristic changes with increasing Tsoil; higher values of Tsoil (e.g. 

23°C) result in an increase in the probability of exceeding annual mean of Rs, with rising 

SM. Overall, this proposed probabilistic model allows detecting changes in the Rs 

distribution due to shifts in hydroclimatic drivers such as Tsoil and SM. 

The analysis in the next chapter (2) investigates the effect of heat extreme events 

(i.e., heatwaves) on Rs, since the frequency and severity of heatwaves have risen 

substantially in the past, and they are projected to continue to intensify in the future. 

Although Rs is the second largest contributor to the carbon cycle, the impacts of heatwaves 

on Rs have not been fully understood. Using the unique set of continuous high frequency in-

situ measurements from our field site and ten additional sites spanning across the 

contiguous United States (CONUS), I characterize the relationship between Rs and 

heatwaves. Applying the probabilistic framework, I conclude that during heatwaves Rs 

rates increase significantly, on average, by ~27% relative to that of non-heatwave 
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conditions over the CONUS. Since previous in-situ experiments have not measured the Rs 

response to heatwaves (e.g., rate, amount) at the high frequency that I present here, the 

terrestrial feedback to the carbon cycle may be largely underestimated without capturing 

these high frequency extreme heatwave events. 

Chapter (3) of this dissertation portrays to what extent NEE responds to a 1.5 oC to 

2.0 oC increase in temperature. Using the conditional probability, I quantify and 

characterize the degree that NEE has historically responded to various levels of warming 

based on Tlgtrm and Ts. The Pne amplifies as the temperature increases, which is revealed 

when the likelihood of a carbon sink (NEE<0) becomes larger for 1.5 oC or 2.0 oC of 

warming than its value when considering Tlgtrm (Ts). I show that the Pne for NEE conditioned 

on 2.0 oC above Tlgtrm is almost the same as for a 1.5 oC change, indicating that no additional 

carbon assimilation occurs beyond 1.5 oC above the Tlgtrm. Moreover, I find that the Pne 

elevates by a factor of 1.3 (1.4) for a 1.5 oC (2.0 oC) change in temperature relative to Ts. A 

shift in Ts does not only increase the Pne, but also changes the CUP. I demonstrate that for a 

1.5 oC and 2.0 oC temperature rise, the CUP increases by 22 days and 31 days for regions 

>50o N and 46 days and 57 days for regions <50o N, respectively. With the extension of the 

CUP, it is very likely that more global greening will be monitored around the globe, under 

warmer atmospheric conditions. Even though I do not employ projections of future carbon 

flux exchange, my results emphasize the response of NEE to even small changes in the 

temperature. 
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