
  

 

 

 

 

 

ABSTRACT 

 

 

 

 

Title of Dissertation: QUANTIFYING NITROUS OXIDE AND 

METHANE FLUXES USING THE TOWER-

BASED GRADIENT METHOD ON A 

DRAINAGE WATER MANAGED FARM ON 

THE EASTERN SHORE OF MARYLAND 

  

 Qiurui Zhu, Doctor of Philosophy, 2022 

  

Dissertation directed by: Professor Eric A. Davidson, Marine, Estuarine, 

and Environmental Science 

 

 

Excess nitrogen resulting from agricultural fertilizer and manure applications on the Eastern 

Shore degrades the Chesapeake Bay's water quality and causes environmental issues such as 

algal blooms and "dead zones". Drainage water management (DWM) is an effective best 

management practice (BMP) to reduce hydrological nitrate export from croplands to surface and 

ground water by controlling the timing and the amount of ditch discharge and retaining water 

within ditches and adjacent fields using drainage control structures (DCS). While promoted 

denitrification in the subsurface and reduction in nitrate leaching are intended consequences of 

maintaining higher water table level, an unintended environmental consequence is possible 

production of nitrous oxide (N2O) from denitrification and methane (CH4) from methanogenesis, 

which are both potent greenhouse gases (GHGs). Whether the application of DWM leads to a 

"pollution swapping" concern (i.e., trading reduction of nitrate concentrations in ditch water for 

increases in emissions of N2O and CH4 to the atmosphere) is a question that must be addressed 



  

before more widespread implementation of DWM can be endorsed. In this dissertation, I 

employed a micrometeorological method called the flux gradient (FG) method to a corn-soybean 

rotation agricultural system with DCS in eastern Maryland on the Delmarva Peninsula to answer 

this question. This method was chosen because it allows near-continuous measurements of soil 

trace gas exchanges at multiple locations with a single laser spectrometer at a fine temporal 

resolution without disturbing the microclimate between soils and the atmosphere. Soil N2O and 

CH4 fluxes were quantified using the FG method on this drainage water managed farm for three 

consecutive years when no fertilizer, synthetic fertilizer, and biosolids were applied in 2018 

(soybean), 2019 (corn), and 2020 (corn), respectively. Statistical tests indicated that there were 

no consistent treatment effects of DWM on soil GHG emissions between DWM and non-DWM 

conditions, suggesting that DWM did not trade the intended consequence of reduced nitrate 

leaching for the unintended consequence of increased soil GHG emissions. The biosolid addition 

in 2020 led to the largest N2O emissions among the three years, while the lowest N2O emissions 

in the growing season were found in the unfertilized soybean year of 2018. In contrast, different 

fertilization regimes did not yield distinct differences between the three years for CH4 fluxes. In 

addition, some potential methodological concerns associated with this tower-based 

micrometeorological approach were addressed and resolved, conferring confidence that the FG 

method can be applied simultaneously to multiple plots for N2O and CH4 measurements. This 

research adds to the existing understanding of the impacts of DWM on soil GHG emissions and 

suggests that this BMP could be applicable in other regions of the Chesapeake Bay as well as 

other watersheds. This work also contributes to the efforts of studying the impacts of soil organic 

amendments on soil GHG emissions and deriving improved estimates of emission factors (EFs) 

for organic amendments.  
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Chapter 1: Introduction 
 

 

1.1 A ñPollution Swappingò Concern of Applying Agricultural Drainage Water Management 

Although the Eastern Shore contains only 7 percent of the Chesapeake Bay watershed, it has 

contributed disproportionately large loads of excess nitrogen to the Bay in the past few decades, 

of which a great proportion comes from agricultural fertilizer and manure applications (Ator & 

Denver, 2015). Excess nitrogen degrades the Bayôs water quality and causes environmental 

issues such as algal blooms and ñdead zonesò in the water. To reduce agricultural runoff into the 

Bay, cost-effective conservation measures, or so-called best management practices (BMPs) are 

needed, such as planting cover crops, installing forested buffers, and a variety of nutrient 

management and conservation plans. 

Drainage water management (DWM) has been demonstrated as a useful BMP not only to control 

water levels in agricultural fields but also to reduce nitrate loads to surface waters and ground 

water (Drury et al., 2014; Fisher et al., 2010; Schott et al., 2017; Williams et al., 2015). The 

DWM structures control the timing and the amount of water leaving from agricultural lands 

using adjustable weirs placed at the end of drainage ditches. With more control over drainage 

and proper management of the structures, increased crop yields may also be possible (Cooper et 

al., 1991; Delbecq et al., 2012; Skaggs et al., 2012). Most importantly for this study, DWM 

creates more anaerobic conditions that promote denitrification in the subsurface by raising the 

water level and retaining water within the ditches and adjacent fields, thus reducing nitrate 

concentration in discharged water. 

However, an unintended environmental consequence of maintaining higher water table levels is 

that it creates favorable conditions for possible production of nitrous oxide (N2O) and methane 
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(CH4), which are both potent greenhouse gases (GHG) with high global warming potentials 

(IPCC, 2014). In addition, N2O depletes the stratospheric ozone that acts as Earthôs shield to 

filter ultraviolet radiation from the sun, while CH4 contributes to the photochemical production 

of tropospheric ozone that is harmful to ecosystem and human health (Abernethy et al., 2021; 

Dentener et al., 2005; Müller, 2021; Ravishankara et al., 2009; West et al., 2006).  

N2O can be formed in soils through microbial denitrification, which is a form of anaerobic 

respiration that reduces nitrate (NO3
-) to a series of products: nitrite (NO2

-), nitric oxide (NO), 

nitrous oxide (N2O), and dinitrogen (N2) (Firestone, 1982; Firestone & Davidson, 1989). The 

microbial conversion of agriculturally derived N to N2O in soils increased ten times from the 

preindustrial period (the 1860s) to the recent decade (2007-2016), accounting for the majority of 

increase in global soil N2O emissions over the same period (Tian et al., 2019). CH4 is another 

potent greenhouse gas that could possibly be produced by methanogenesis when higher water 

table levels are maintained and increased anoxic conditions are present. Cai et al. (1997) saw that 

the CH4 flux peaked when rice paddy fields were flooded and was depressed when the fields 

were aerated. Tyagi et al. (2010) also found that continuously flooded plots had the highest 

efflux of methane and mid-season drainage and multiple drainage plots had approximately 40% 

less efflux of methane in their irrigated paddy fields.  

Therefore, applying DWM could lead to a ñpollution swappingò concern: namely DWM could 

trade reduction of nitrate concentrations in ditch water for increases in emissions of N2O and 

CH4 to the atmosphere. This trade-off must be addressed before more widespread 

implementation of DWM can be endorsed.  
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1.2 Quantification of Greenhouse Gas Fluxes from Agricultural Soils 

N2O and CH4 emissions from soils are highly variable in space and time due to spatial 

heterogeneity of soil physical and chemical properties (e.g., soil moisture, pH, nitrogen and 

carbon content), diel cycles and seasonality (rainfall and temperature change), and management 

practices (e.g., fertilization, tillage, irrigation, soil compaction), which all can influence the 

microbially mediated processes that produce the above two gases. For example, in a subtropical 

forest catchment in southern China, soil temperature and water-filled pore space were identified 

as the two major control factors that explained 68.9% of the temporal variability of N2O 

emissions on a mesic forested hillslope (Zhu et al., 2013). In agricultural fields, N2O emissions 

are highly episodic events and peak emissions typically occur after the addition of N fertilizer, 

triggered by wetting of soils by rain and irrigation (Y. Cai et al., 2013; Jones et al., 2011; Skiba 

et al., 2013; Tallec et al., 2019; Tenuta et al., 2019). Thus, continuous measurements are 

advantageous for quantifying annual emissions.  

On-farm management practices further complicate the emission dynamics, and key factors that 

affect emissions include the timing of fertilizer application, the manner of fertilizer spreading, 

the type of fertilizer used, tillage or no-tillage, and the amount of irrigation water used. For 

example, Wagner-Riddle et al. (2007) found that their BMP (no-tillage + reduced fertilizer) 

significantly decreased mean annual N2O emissions in comparison with conventional tillage. In 

contrast, Waldo et al. (2019) reported that the N2O emission factor (EF) was larger on a no-till 

site than that on a paired conventional-till site. While the contradictory findings can be explained 

by the complex interaction of soil factors affected by no-tillage, they both highlight the need to 

take spatial variability of soil emissions into account. 
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Static (or ñnon-steady stateò) chambers have been the principal method for measuring N2O and 

CH4 fluxes from agricultural soils for the last few decades (Hensen et al., 2013) and over 95% of 

published N2O emission studies employed chamber methods according to Rochette (2011). This 

method involves using an open-bottomed chamber to cover a small area of ground (e.g., bare soil 

or short canopy) and accumulating N2O/CH4 within the headspace. Headspace samples are taken 

when the chamber remains closed on the soil surface, and then analyzed by either a portable 

closed-path gas analyzer on site or gas chromatography (GC) in the laboratory. The main 

advantage of this method is that it is relatively inexpensive, versatile, and easy to adopt in the 

field (De Klein & Harvey, 2015; Hensen et al., 2013). However, an important limitation is that 

only expensive automated chamber systems can make continuous measurements and are often 

limited in number due to their cost, whereas manually operated chambers, while cheaper and 

potentially more numerous, can miss important emission events (ñhot momentsò). Spatial 

variability can be addressed through placing multiple small chambers on a plot of interest, but 

where to place these chambers or how to cover a sufficient surface area to ensure representative 

fluxes are measured from the plot requires additional consideration and intensive labor 

(Chadwick et al., 2014). De Klein and Harvey (2015) also pointed out the current difficulty of 

using chambers is ñhaving to balance limited resources between carefully measuring individual 

fluxes, versus increasing the number of chambers and/or sampling occasions to account for 

spatial and temporal variabilityò. 

Micrometeorological methods have become popular in recent years as the laser technology 

advances, enabling integration of high temporal and spatial resolution measurements of soil-

atmosphere trace gas exchanges at the field scale (0.1 to 1 km2) and also at a declining price 

(Hargreaves et al., 1996; Shurpali et al., 2016; Smith, 1994; Wagner-Riddle et al., 1996). The 
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eddy covariance (EC) method and the flux gradient (FG) method are two principal 

micrometeorological methods that involve fast-response trace gas analyzers (e.g., tunable diode 

laser (TDL) and quantum cascade laser (QCL) spectrometers) based on the development of laser 

spectroscopic techniques (Pattey et al., 2007; Rannik et al., 2015).  

The EC method is currently the most widely used approach to measure trace gas exchanges 

between land surfaces and the atmosphere (Cowan et al., 2016; Hensen et al., 2013; Huang et al., 

2014; Liang et al., 2018; Merbold et al., 2014; Neftel et al., 2010). This method requires fast-

response instruments to capture high-frequency air movement and gas concentration data and 

calculates the vertical turbulent flux of this trace gas as covariance between the vertical wind 

velocity and the scalar concentration over an average period of typically 30 minutes. The 

advantage of the EC method is that it is a direct measure of real-time fluxes and it allows 

continuous measurement on a larger field scale (hectare to km2) in different ecosystems, without 

disturbing the soil or the interface between the surface and the atmosphere (Chadwick et al., 

2014; Huang et al., 2014; Tallec et al., 2019). However, the EC method requires the fast-

response gas analyzer to be located near the measurement tower, which precludes using a single 

centralized gas analyzer for more than one plot/tower in an experimental design. Other 

limitations are: 1) the required fast-response, high-frequency, and high-precision instruments are 

relatively expensive; 2) considerable maintenance work is needed (depending on what 

instrument is used), especially at remote field sites (Liang et al., 2018); 3) it requires the area of 

interest to be horizontally homogeneous and the air flow should not be distorted by the 

installation of other instruments or structures; 4) data collection is constrained by the 

atmospheric stability (Hensen et al., 2013); 5) it is not easy to replicate treatments at the 
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micrometeorological scale (0.1-1 km2) (Chadwick et al., 2014); 6) bias and uncertainty exist 

because of data gaps, laser drift (Kroon et al., 2007), etc. 

The flux gradient (FG) method is a micrometeorological approach based on Monin-Obukhov 

similarity theory. It shares with eddy covariance the use of sonic anemometers to estimate 

sensible heat flux, but differs from eddy covariance by measuring the difference in concentration 

of target trace gases at two heights on one or multiple towers. Assuming the eddy diffusivities 

for sensible heat and the trace gas (N2O or CH4) are equal, the relationship between the flux (F) 

and the concentration difference is expressed as: 

Ὂ ὑ
‬ὅ

‬ᾀ
ρ 

where K is the eddy diffusivity (m2s-1) of the trace gas (e.g. N2O or CH4), and ÖC/Öz is the 

concentration gradient of this gas (kg m-4) (details about the calculation procedures for each term 

can be found in Chapter 2). In addition to all the advantages mentioned above as a 

micrometeorological approach, the FG approach can rely on slower sensors than the EC 

approach (Hensen et al., 2013). Unlike EC, which requires careful matching of rapid changes in 

concentration at a single intake position, the concentration gradient between the two sampling 

heights can be averaged over a longer time interval. Hence, the FG approach permits the use of 

longer tubing between the tower inlets and the gas analyzer thereby allowing a centrally located 

instrument to be integrated with multiple towers and facilitating treatment replication in 

experimental designs. In other words, FG can be adapted for small plots (E. Topp & Pattey, 

1997). 

For this dissertation project, the FG approach was selected because it is the best-suited method 

for multi-plot sampling with a single laser spectrometer (McMillan et al., 2014). Besides, FG has 



 

 

7 

 

been preferred over EC for measuring surface-atmosphere fluxes within a few meters of the 

surface layer (Meredith et al., 2014; N. M. Taylor et al., 1999).  

 

1.3 Dissertation Structure 

As discussed in Section 1.1, the application of DWM has the potential to reduce nitrate leaching 

but also increase soil greenhouse gas emissions as a possible trade-off. An earlier companion 

study (Hagedorn et al., 2022) demonstrated that DWM was effective to reduce nitrate leaching 

into ditches on the same study farm, and it has also been shown to be effective in the region 

(Fisher et al., 2010). In my dissertation, I employed the flux gradient method to a corn-soybean 

rotation system with drainage control structures (DCS) in eastern Maryland on the Delmarva 

Peninsula to study three major questions: 

1) would DWM lead to significant increases in soil emissions of either N2O or CH4, thus creating 

a ñpollution swappingò situation? 

2) how does biosolids addition, which farmers of the region commonly apply about once every 

five years in lieu of synthetic fertilizer, affect soil N2O and CH4 fluxes in this agricultural 

setting? Because the sludge contains carbon as well as nitrogen, it could enhance N2O and CH4 

fluxes compared to synthetic fertilizer applications if carbon is a limiting factor to denitrification 

and methanogenesis. 

3). are there any concerns or disadvantages of this micrometeorological FG method that could 

possibly outweigh the aforementioned advantages of the tower-based system? 

The dissertation is organized in an order according to the three objectives, with each 

corresponding to a respective chapter of Chapter 2-4. 

In Chapter 2, I quantified soil N2O and CH4 emissions using the tower-based FG method for two 

consecutive years on a drainage water managed farm in soybean and corn on the Eastern Shore 
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of Maryland and identified two factors (i.e., fertilization and precipitation) upon which large N2O 

emissions were highly dependent. The flux results of the FG measurements were compared to 

simultaneous static and automated chamber measurements and general agreements were found in 

the comparisons. I also performed statistical tests to evaluate the effects of DWM on soil GHG 

emissions.  

In Chapter 3, I employed the FG method on the same farm in corn in year 3 to quantify the post-

biosolids N2O and CH4 emissions from the soil surface and compared the flux results to that of 

the years when no fertilizer/conventional synthetic fertilizer was applied. Effects of DWM on 

N2O and CH4 fluxes were also tested using statistical analysis but no consistent treatment effects 

were found, aligning with previous findings. In addition, annual soil N2O emissions from this 

site were estimated and N2O emission factors (EFs) were calculated for the years when synthetic 

fertilizer and biosolids were used.  

In Chapter 4, I investigated sources of uncertainty in the FG method. Four potential sources of 

uncertainty were considered: (1) minimum resolvable concentration gradient; (2) towersô flux 

footprint overlap/contamination; (3) the validity of the aerodynamic method to calculate the eddy 

diffusivity coefficient; and (4) the choice of the gap-filling techniques for N2O flux data. 

In this study, the flux gradient method was proved capable of capturing intermittent bursts of soil 

N2O emissions at a fine temporal resolution across spatial heterogeneity. This work adds to the 

limited number of studies comparing micrometeorological and chamber methods in trace gas 

flux measurements. This research also adds to the existing understanding of the impacts of 

DWM. It demonstrates that DWM did not result in unacceptable pollution trading at this farm 

and suggests that this management option could be applicable in other regions of the Chesapeake 

Bay as well as other watersheds or river basins. In addition, the findings concerning the effects of 
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biosolids addition in this research contribute investigations of the impacts of biosolid or other 

organic soil amendments on soil GHG emissions and derivation of improved estimates of 

emission factors for organic amendments. 
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Chapter 2: Quantification of Soil N2O and CH4 Fluxes Using the Flux 

Gradient Technique on a Drainage Water Managed Farm and Evaluation 

of Effects of Drainage Water Management on Soil Greenhouse Gas 

Emissions  
 

 

Abstract 

Implementation of drainage water management (DWM) could trade reduction of nitrate 

concentrations in ditch water for increases in emissions of nitrous oxide (N2O) and methane 

(CH4) to the atmosphere. The literature evaluating effects of DWM on N2O and CH4 emissions 

from agricultural soils shows contradictory results: some studies measured larger soil emissions 

whereas others did not detect significant differences in N2O or CH4 emissions when DWM was 

implemented. In this chapter, soil N2O and CH4 emissions were quantified using the tower-based 

flux gradient (FG) method in a corn-soybean rotation system with drainage control structures 

(DCS) on the Eastern Shore of Maryland for two consecutive years. The FG measurements were 

also compared with static and automated chamber measurements, which were generally in good 

agreements, despite spatial variability in the chamber data. I found that large N2O emissions 

were highly dependent on fertilization and precipitation events. Furthermore, statistical analysis 

assessing the effects of DWM on soil greenhouse gas (GHG) emissions indicated that no 

consistent treatment effects were found between DWM and non-DWM conditions. These results 

indicate that DWM may be employed to reduce nitrate leaching without increasing soil GHG 

emissions. 

 

2.1 Introduction 

Drainage ditches have been adopted widely on the Delmarva Peninsula for the past 200 years to 

remove excess water and create drier land for agricultural and residential uses (Bell, 2000; Fisher 
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et al. 2010). According to the Maryland Department of Agriculture, there are over 800 miles of 

publicly administered drainage ditches in Maryland today helping drain 183,000 acres of land 

composed of agricultural land, forest land, roadways, commercial and residential areas, etc. In 

North America, about 50.9 million acres of cropland in the eastern and midwestern United States 

and about 20 million acres in Canada are artificially drained (Shedekar et al., 2020). Proper 

management of drainage ditches to retain partially elevated groundwater during most of the 

growing season not only improves water availability to crops but also promotes the 

denitrification process in soils and reduces nitrate leaching (Carstensen et al., 2020; Drury et al., 

2014; Sunohara et al., 2014). However, the possible production of N2O from denitrification and 

CH4 from methanogenesis as a result of managing drainage ditches to reduce nitrate leaching 

remains as a major concern. 

Previous studies regarding drainage effects on N2O emissions showed contrasting results. Some 

researchers reported that a lower water table in drained soils leads to lower N2O emissions. Hall 

et al. (2018) saw that N2O emissions from poorly drained cropland soils were much higher than 

that from well-drained soils and could be an important part in estimates of regional bottom-up 

emissions. Grossel et al. (2016) found that in a cropped landscape in Central France, N2O 

emission levels from the undrained soils were significantly larger than the emissions from the 

drained soils in both wet and dry climatic conditions. They also pointed out that drainage was the 

dominant factor over other soil variables explaining the spatial variability of the N2O emissions 

within their study site. Similar drainage effects on N2O emissions can be found in Fernández et 

al. (2016) and Kumar et al. (2014). In contrast, other studies did not detect significant differences 

in N2O or CH4 emissions when drainage water management (DWM) was implemented (Datta et 

al., 2013; Nangia et al., 2013; Nash et al., 2015; Van Zandvoort et al., 2017). 
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Most studies employed the static chamber method to assess the effects of DWM on N2O or CH4 

emissions (Datta et al., 2013; Fernández et al., 2016; Grossel et al., 2016; Hagedorn et al., 2022; 

Nangia et al., 2013), whereas studies using the tower-based micrometeorological methods are 

scarce. The strengths and weaknesses of both methods are clarified in the first chapter of this 

dissertation separately. In short, the advantage of the flux gradient method is that it allows near-

continuous measurements of soil-atmosphere trace gas exchanges at a finer temporal resolution 

and a larger scale (0.1 to 1 km2) without disturbing the microclimate between soils and the 

atmosphere. This provides a better estimation of cumulative emissions at the field scale so that a 

more accurate estimates of N2O and CH4 emissions can be determined. Here I applied the flux 

gradient method to a corn-soybean rotation system in eastern Maryland on the Delmarva 

Peninsula to estimate N2O and CH4 emissions under DWM and non-DWM conditions and I 

compared flux gradient estimates with chamber based estimates from a companion study. 

 

2.2 Materials and Methods 

2.2.1 Site Description 

The research site was located on a private farm in the Choptank Basin on the Eastern Shore of 

Maryland, where land use is dominated (60%) by agriculture, and forests and wetlands cover 

most of the remaining land (35%) (Fisher et al., 2021). This farm was chosen because the farmer, 

who is actively involved in on-farm research to test effectiveness of several types of nutrient 

management interventions, had already installed DWM structures and was eager to collaborate. 

The region has a humid subtropical climate with average annual precipitation of 114 cm and an 

average temperature of 24 °C in July and 2 °C in January. The soil in this field is predominantly 

Fallsington fine-loamy, mixed, active, mesic Typic Endoaquults. The typical crop rotation is a 
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corn-soybean rotation with daikon radish used as the winter cover crop. Pivot irrigation is turned 

on every few days in the summer as needed. 

2.2.2 Farm Management 

In 2018, soybean was planted in June and harvested in October, with no application of any N 

fertilizer. In 2019, corn was planted in late April and harvested in September. Approximately 22 

kg N ha-1 of synthetic urea-ammonium-nitrate (UAN) was knifed-in on April 25 and the other 

191 kg N ha-1 was broadcast-applied on May 24. Herbicide was applied twice in 2019, one time 

in late March prior to the planting of corn and the second time in June, to remove undesired 

vegetation from the field. The entire research area, with and without DWM, was subject to the 

same crop rotation scheme, fertilization rate, and irrigation rate. 

2.2.3 Experimental Design 

Figure 1 is a Google Earth image with a map view of the positions of the drainage ditches, the 

four FG measurement towers, and the instrument trailer. The ditches were spaced about 90 

meters apart and 180 meters long on average, and each of them had a drainage control structure 

(DCS) at the end. The DCS is capable of slowing ditch discharge and retaining more water in the 

ditch and its adjacent fields or draining the fields and creating a drier condition for farm activities 

such as planting, fertilizer application, and harvest. We used two of the DCS structures in ditches 

5 and 6 to manage the water table, leaving the other three ditches (ditches 1, 2, and 4) to flow 

freely and unmanaged. The specific management plan was dependent on weather conditions and 

groundwater levels. Thus, the ditches divided the farm into a controlled drainage (DWM) site 

and a free drainage (non-DWM) site.  

Four 3.5 m flux towers were installed at this research farm. Two of them were located in the non-

DWM field and the other two were located in the DWM field, all within 61-183 m from the 
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instrument trailer (Fig.1). Each tower contained a pair of upper and lower sampling inlets, which 

were attached to 3/8ôô O.D. Synflex tubing via a three-way solenoid valve. The upper and lower 

inlets were always kept 0.5-0.7 m apart while the entire sampling unit was raised throughout the 

growing season in order to be above the crop canopy. Ambient air sampling switched between 

the upper and lower inlets every 20 seconds for 30 minutes before it switched to the next tower. 

The sampling sequence was controlled by a Campbell Scientific CR1000 data logger (Campbell 

Scientific Inc., UT, U.S.A.) (see Fig. 2). Air samples from the towers were pulled into the 

instrument trailer at rates of over 20 liters per minute using two Thomas rotary vane vacuum 

pumps (model number: QR0100). Inside the trailer, N2O and CH4 mixing ratios were 

continuously measured by a quantum cascade laser (QCL) trace gas monitor (Aerodyne Research 

Inc., MA, U.S.A.) at a frequency of 1Hz. The manufacturerôs specifications indicated that the 

precisions (1ů) of N2O and CH4 mixing ratio measurements at 1270 cm-1 were 60 and 300 ppt, 

respectively on a 1-s basis. In addition, an automated auxiliary calibration valve was turned on 

periodically (once every two weeks approximately) during the sampling period to inject N2O and 

CH4 gas standards into the QCL for instrument validation and calibration. Thus, this sampling 

system allowed us to calculate the concentration gradients of N2O and CH4 between the upper 

and lower inlets at each tower for each 30-minute sampling period. These averaged 30-minute 

concentration gradients were then combined with the micrometeorological data collected every 

half hour at each tower with a Campbell Scientific CSAT3B sonic anemometer (Campbell 

Scientific Inc., UT, U.S.A.) to calculate the half-hourly fluxes of N2O and CH4. The full cycle 

for measuring fluxes from all four towers required two hours, thus permitting twelve flux 

measurements made per day for each tower. The measured fluxes were analyzed for temporal 
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pattern, diel variation, and tower-to-tower comparison and interpolated to estimate the 

cumulative emissions from this field site. 

 

 

Figure 1. Google Map satellite image of the research farm with proposed siting of the DWM 

structures, the flux gradient measurement towers, the automated chambers, the static chamber 

transects, the meteorology tower, and the instrument trailer. Towers A and B were in the free 

drainage (non-DWM) fields; towers C and D were in the controlled drainage (DWM) fields. 
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Figure 2. Diagram of the flux gradient system (top) (credit: Kathleen Savage) and a picture of the 

flux gradient tower (bottom). Vacuum pumps A and B were responsible for bringing air samples 

from towers to the instrument trailer. The Campbell Scientific CR1000 data logger and the 16-

channel AC/DC relay driver were used to select air samples from towers in sequence and control 

switching between upper and lower intake inlets.  
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2.2.4 Flux Calculation 

The flux gradient (FG) method is a micrometeorological approach based on the Monin-Obukhov 

similarity theory. It shares with the eddy covariance (EC) method the use of sonic anemometers, 

but differs from the EC method by measuring the differences in concentration of target trace 

gases at two heights on one or multiple towers. The relationship between the half-hourly flux (F) 

and the 30-min averaged concentration gradient is expressed as: 
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where K is the eddy diffusivity (m2 s-1) of the trace gas (e.g. N2O or CH4), and ÖC/Öz is the 

concentration gradient of this gas (kg m-4). The introduction of the negative sign before K is to 

make sure positive fluxes are emissions and negative fluxes are uptakes as a convention. K is 

calculated as: 
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where u* is the friction velocity measured at a half-hourly interval, ‖ is the von Karman constant 

(0.41), d is the displacement height (0.67 times canopy height), and ‪h1 and ‪h2 are the 

integrated Monin-Obukhov similarity functions for sensible heat at sampling heights z1 and z2. 

The similarity functions were calculated using Eq. [3], with the atmospheric stability conditions 

determined by the stability parameter (z-d)/L, where L is the Obukhov length (Wagner-riddle et 
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al., 2007). For the stability parameter acquired every 30-min, the range from 0.02 to 2 was 

defined as ñstableò; the range from -2 to -0.02 was defined as ñunstableò; the range from -0.02 to 

0.02 was defined as ñneutralò. Here it was assumed that the eddy diffusivities for heat and the 

trace gas (N2O or CH4) were equal. The Obukhov length (L) was calculated as: 

 ὒ
όzὝ

‖ὫύᴂὝ
 [ 4 ] 

where Tv is the virtual temperature, g is the acceleration due to gravity, and ύᴂὝ is the kinematic 

virtual temperature flux which is related to the sensible heat flux (H): 

 ύὝ  Ὄ”ὅ [ 5 ] 

where ”a is the air density and Cp is the heat capacity of air. 

The 30-min averaged concentration difference (æC) between the upper (even ci) and lower (odd 

ci) inlets was calculated as: 
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This averaging technique acted as a high-pass digital filter and removed low-frequency noise 

from the data (Brown & Wagner-Riddle, 2017; Wagner-Riddle et al., 2005; Waldo et al., 2019). 

In addition, a number of criteria were adopted to ensure data quality:  

¶ unreasonably high or low concentration data were filtered;  

¶ the first 6 seconds of each 20-second concentration measurement at the upper or lower 

inlet were discarded to allow transients in the sampling flow to stabilize following 

switching between inlets;  

¶ air sample travel time lags were different for the four towers because of their different 

distances to the instrument trailer, which was taken into account in the calculation (the air 



 

 

19 

 

sample travel time lag for a tower was determined by repeatedly injecting N2O and CH4 

gas standards at the tower and calculating the average elapsed time until the injected gas 

samples were detected by the QCL instrument);  

¶ the maximum difference in analyzer pressure between the upper and lower inlets was 

restricted to ±2 torr;  

¶ the number of samples collected every 30 minutes was required to be Ó 80% of the 

maximum possible number of data points;  

¶ any measurements disrupted by field work were discarded;  

¶ half-hourly sonic anemometer data with a non-zero diagnostic word flag were discarded;  

¶ friction velocity was Ó 0.1 m/s;  

¶ the stability parameter (z-d)/L was constrained to the range from -2 to 2;  

¶ concentration data were omitted when the wind was coming from behind the tower (170-

190°);  

¶ the distance from the tower to the edge of the field was at least 50 times the height of the 

tower to assure that > 80% of the observed flux originated within the experimental fields. 

Flux units of ng m-2 s-1 were used for the 30-min N2O and CH4 fluxes, and the units were 

converted to g N2O-N ha-1 day-1 and g CH4-C ha-1 day-1 for N2O and CH4, respectively, when 

daily flux means and annual emissions were calculated. Daily flux means were calculated by 

averaging the 30-min flux values of each day. Daily fluxes were reported only when there were 

at least two half-hourly values recorded. 

2.2.5 Chamber Measurements 

In a companion study (Hagedorn et al., 2022), soil gas fluxes of N2O and CH4 were also 

measured using manual static chambers with a Picarro G2308 cavity ringdown spectrometer 
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(Picarro Inc., CA, U.S.A.), connected to a low-flow (~0.23 L/min) pump circulatory system. This 

Picarro analyzer measured real-time, in-situ headspace gas concentrations at a frequency of 1 Hz, 

and the sampling time for small fluxes was approximately 5 minutes. Transects of 8 chambers 

were installed perpendicular to each ditch (except for D1, see Fig. 1). The length of each transect 

was approximately 12 m and the soil chamber collars were equally spaced. The chamber 

measurements were made approximately monthly, but more frequent sampling was conducted 

around agricultural practices such as planting, fertilization, and harvest to better capture the 

dynamics of N2O and CH4 fluxes during those periods. Fluxes were measured between 8:00 EST 

and 17:00 EST, and the sampling order was randomized to ensure the same field was not 

sampled at the same time of day to minimize the effects of diel variation. 

In addition to the static chamber measurements of N2O and CH4 fluxes, four Eosense closed 

dynamic automated chambers (model: eosAC) and a multiplexer (model: eosMX) (Eosense Inc., 

NS, Canada) were installed next to tower B (Fig. 1) and connected to the Picarro G2308 gas 

analyzer from April to June in the 2019 corn-growing season.  

Further details about the chamber measurements can be found in the companion study (Hagedorn 

et al., 2022) of this project. 

2.2.6 Supporting Environmental Data 

A 3.5 m meteorological tower was installed approximately 120 m from the research site, 

equipped with sensors to continuously measure air temperature and relative humidity (using 

Campbell Scientific CS215 temperature and relative humidity sensor), barometric pressure 

(using CS105 Vaisala PTB101B Barometer), precipitation (using Texas Electronics TE525WS 

tipping rain gauge), and wind speed and direction (using RM Young 05103 wind monitor). These 

sensors were located approximately 3 m high (except the barometric pressure sensor was at 1 m 
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high) above the soil surface. The data were stored on a Campbell Scientific CR10X data logger 

inside a weather-proof enclosure attached to the tower and output at a 30-minute interval in order 

to match the measurement interval of N2O and CH4 fluxes. Gaps in the precipitation data were 

filled using historical precipitation data from two nearby weather stations at Greensboro, MD 

(GHCND:US1MDCL0009) and Denton, MD (GHCND: US1MDCL0010). 

The vertical profile of soil temperature and volumetric water content (VWC) was acquired from 

two continuously recording systems, one installed next to tower A in the non-DWM field and the 

other one installed next to tower C in the DWM field. By horizontally inserting the Decagon 5TE 

water content, EC, and temperature sensors (METER Group Inc., WA, U.S.A.) at five depths (5 

cm, 10 cm, 20 cm, 30 cm, and 50 cm) below the soil surface, soil temperature and moisture data 

were stored on the Campbell Scientific CR10X data loggers at 30-minute intervals. The Topp 

equation (G. C. Topp et al., 1980) was used to convert raw dielectric permittivity measured by 

the 5TE sensors into soil VWC data. Manufacturerôs tests showed that data from a properly 

installed 5TE sensor in a normal mineral soil applied to the Topp equation resulted in 

measurements within ±3% VWC of the actual soil VWC. Cross-calibration of the 5TE sensors 

can be found in the supplementary materials. 

In 2018 and 2019, analyses of soil ammonium and nitrate concentration were part of the 

companion study; details can be found in Hagedorn et al. (2022). In brief, samples of the 0-5 cm 

soil depth were taken approximately monthly using a 2.2 cm diameter soil push probe, 

transported back to the laboratory in a refrigerated cooler and processed within 48 hours. 

Triplicate soil samples were composited at each of eight locations on each of the four fields at 

each date. At the lab, each field moist sample was sifted using a 2 mm opening sieve to remove 

rocks, fine roots, etc. Six grams of the sieved soil were extracted in 30 mL of 2M potassium 
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chloride (KCl) in an Ehrlenmeyer flask, placed on a shaker table on low speed for at least 2 

hours, and vacuum filtered through a Whatman No.42 filter paper. The filtered extracts were 

analyzed for nitrate and ammonium concentrations by a Lachat autoanalyzer (Maynard et al., 

1993). 

2.2.7 Statistical Analyses 

To test the effects of DWM on trace gas fluxes, a one-way repeated measures ANOVA test was 

used to detect whether there were significant differences in the flux measurements between the 

four towers when all of them were functioning. A logarithm transformation (log10) was applied 

when the data were non-normal or skewed to meet the required assumptions of normality and 

homogeneity of variances for all groups. A small positive offset was added to make all values 

positive before log transformation. After the logarithmic transformation, not all of the towersô 

data were normally distributed (Fig. 3 and Fig. 4), but the assumption of homogeneity of 

variances across groups (towers) was satisfied (Table 1). The one-way repeated measures 

ANOVA was followed up by multiple pairwise t-tests using a Bonferroni multiple testing 

correction method for p-value adjustment to test differences between towers. In addition, a 

Friedman test was used when the assumption of normality was relaxed/violated (see Appendix 

A). Pairwise Wilcoxon signed-rank tests were the post hoc tests for the Friedman test. Because 

the alternative Friedman test showed nearly identical results to the one-way repeated measures 

ANOVA, only the comparisons using the latter were presented in the following section. Gap-

filled flux values were not used in the statistical tests to avoid bias in the comparisons. Statistical 

analyses were performed in R (R Core Team, 2022). 
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Figure 3. The density distributions of the daily N2O fluxes measured in July 2018 when all of the 

four towers were functioning. Each tower contains 14 daily values. Notice the differences in 

scale on the x- and y-axes. 

 

 
Figure 4. The density distributions of the log-transformed daily N2O fluxes measured in July 

2018 when all of the four towers were functioning. Each tower contains 14 daily values. Notice 

the differences in scale on the x- and y-axes.  
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Table 1. The Leveneôs test and the Fligner-Killeenôs test to check the homogeneity of variances 

across groups (towers) for the daily N2O fluxes measured in July 2018. The Leveneôs test is not 

sensitive to departures from normality and the Fligner-Killeenôs test is very robust against 

departures from normality. A p-value less than 0.05 indicates significant differences between 

variances across groups (towers). 

Test Before log-transformation After log-transformation 

Leveneôs test p = 0.023 p = 0.823 

Fligner-Killeenôs test p = 0.004 p = 0.460 

 

 

2.3 Results 

2.3.1 Environmental Data 

2.3.1.1 Precipitation and Air Temperature 

Daily precipitation and irrigation amounts during the 2018-2019 experimental period are shown 

in Fig. 5a. The highest daily rainfall amount was 7.46 cm, recorded on October 12, 2018. The 

total annual precipitation was 157 cm in 2018 and 109 cm in 2019. The driest month was 

November 2019 with 1.62 cm precipitation and the wettest month was September 2018 with 8.57 

cm precipitation. The daily average air temperature over two years was 13.4 ºC and ranged from 

-13.0 to 30.1 ºC (Fig. 5b). Mean monthly air temperature varied between -0.2 ºC in January 2018 

and 25.5 ºC in July 2019. 

2.3.1.2 Soil Temperature and Moisture 

Daily averaged soil temperature at 5 cm depth followed the seasonal trends observed in the air 

temperature data (Fig. 5c), ranging from -1.5 to 31.1 ºC over the two-year period. In the DWM 

field, the daily mean of the soil volumetric water content (VWC) measured at 5 cm depth ranged 

from 0.140 to 0.416 m3 m-3 over the course of the two-year measurement; in the non-DWM field, 

the daily mean of the soil VWC at 5 cm depth varied from 0.127 to 0.316 m3 m-3 (Fig. 5d). The 

figure shows that the daily averaged surface soil VWC followed the same pattern in the DWM 
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and non-DWM fields following precipitation events and both sites had drier soil conditions in the 

summer than in other seasons of the year. Comparing the non-DWM site to the DWM site, the 

soil VWC at 5 cm depth was 0.087 m3 m-3 lower on average. Data gaps existed for both the soil 

temperature and moisture data because of the malfunction of the data loggers (such as dead 

batteries) and gaps were more common for the non-DWM site. 

2.3.1.3 Soil Nitrogen Concentration 

The soil extractable nitrate in the top 5 cm ranged from 0.70 to 28.31 mg N kg-1 in the DWM 

field and from 0.55 to 22.66 mg N kg-1 in the non-DWM field (Fig. 5e).  Fertilization events 

occurred two times following the planting of corn in 2019, as indicated by the arrows in the 

figure. Soil nitrate concentrations increased immediately after the applications of the UAN 

fertilizer and decreased through the remainder of the year in both the DWM and non-DWM 

fields. The N fertilizer applications in the growing season of 2019 did not result in significant 

changes in soil extractable ammonium concentrations. In 2018, soil nitrate concentrations were 

elevated after the planting of soybean but did not increase as high as the concentrations in the 

corn year when synthetic fertilizer was used. However, there was one measurement in June 2018 

showing high ammonium values compared to other measurements during this study period. 

 

2.3.2 The FG Measurements 

Over the two years (2018-2019), 6752 individual half-hourly flux measurements were made with 

the four FG towers, which had been converted into 337 daily mean values for the DWM site and 

324 daily mean values for the non-DWM site (Fig. 5g and Fig. 5h). Due to some instrument 

issues, there was only approximately one-month of flux measurements in 2018. 

For N2O, both sites showed the same general trend over time: significant emissions were 

observed following the application of N fertilizer in the May-July period of 2019, coinciding 
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with precipitation events. After the second fertilization in 2019, maximum daily N2O emission 

values measured from the DWM site and the non-DWM sites were 963 and 236 g N2O-N ha-1 

day-1 on June 30, respectively. N2O emissions then decreased to close to zero throughout the 

remaining months of the year. During the one-month measurements in soybean from June 29 to 

August 3 in 2018, both sites had measurable N2O emissions, but those emissions were low 

compared to the 2019 N2O flux data in corn.  

For CH4, there were no such trends in the daily mean time series as I found in the N2O data 

following N fertilization, with the CH4 fluxes ranging from -83 to 85 g CH4-C ha-1 day-1 in the 

DWM field and -93 to 53 g CH4-C ha-1 day-1 in the non-DWM field.  
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Figure 5. Time series of environmental, soil, and flux variables measured in the 2018 soybean 

and 2019 corn years. (a) Precipitation and irrigation events, (b) daily averaged air temperature, 

(c) daily averaged soil temperature at 5 cm depth, (d) daily averaged soil volumetric water 

content (VWC) at 5 cm depth, (e) soil extractable nitrate, (f) soil extractable ammonium, (g) 

daily averaged N2O fluxes (in log scale, a small positive offset (60 g N2O-N ha-1 d-1) was added 

to make all values positive before log transformation), and (h) daily averaged CH4 fluxes 

aggregated by treatment. Black arrows denote planting (P) and fertilization (F) events. Whiskers 

in panels (e) and (f) represent the standard deviation of the replicated samplings of the field soil 

(spatial heterogeneity) and whiskers in panels (g) and (h) represent the standard deviation of the 

daily mean calculated from half-hourly flux values (temporal heterogeneity).  
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2.3.2.1 Comparisons between the FG Towers 

During the one-month flux measurements in the growing season of 2018, all of the FG towers 

measured N2O fluxes that significantly exceeded the minimum detection limit (MDL)1 of the FG 

system (Fig. 6 and Fig. 7), except for tower A. These emission events were triggered by frequent 

irrigation and heavy rainfalls, given sufficient reactive nitrogen was contained in the soil, which 

was shown by the somewhat elevated soil nitrate concentrations during the summer of 2018 in 

Fig. 5e. The lack of emission pulses at tower A was most likely due to drier conditions on the 

plot where tower A was installed, which was reflected by the soil VWC at 5 cm depth in Fig. 5d. 

From mid-June to mid-July of 2018, the soil VWC dropped to almost the lowest level in the 2-

year study period. Hagedorn et al. (2022) also reported a particularly dry period when the lowest 

soil moisture content was recorded in July 2018 by using a manual Decagon 5TM soil moisture 

probe. Later in the winter, no emission events were observed by towers A and C (only two 

towers were deployed for sampling to save on maintenance costs and labor). For CH4, most 

fluxes measured in this year were within the minimum detection limit of the FG system, except 

for some mild emission pulses showed at towers C and D in the summer. In general, no clear 

pattern was discernible in the CH4 flux data. 

In contrast to 2018, more vigorous N2O production by soil in the growing season of 2019 was 

detected at all of the four FG towers (Fig. 8 and Fig. 9). Tower C had the most intense emission 

events among all of the towers, with both the maximum half-hourly and daily N2O fluxes (3383 

ng m-2 s-1 and 963 g N2O-N ha-1 day-1 (not shown in the figure because it is off the scale of the Y 

axis), respectively) being observed on the same day (June 30). N2O emissions increased 

 
1 The minimum detection limit (MDL) for N2O/CH4 concentration gradients is determined in Chapter 4. 

To calculate the MDL for N2O/CH4 fluxes, replace the concentration gradient term (æC) in Eq. [1] with 

the MDL for N2O/CH4 gradients. 
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moderately in late October and early November (observed in all data sets), which was driven by 

frequent heavy rainfall events that took place on October 16 (4.17 cm), 20 (3.61 cm), 22 (1.78 

cm), 27 (3.81 cm), and 31 (1.47 cm). This can be ascribed to the potential post-harvest release of 

some mineralized soil N that was not taken up by the crop. At other times of the year, there were 

scarcely any N2O emission events apart from baseline fluxes that were within the systemôs 

detection limit. In the case of the CH4 flux measurements, similar to 2018, no distinct differences 

were found among the four FG towers, except for some emission spikes detected in September at 

tower B and in October and November at tower D. Below Table 2 and Table 3 provides 

summary statistics of the half-hourly and the mean daily N2O and CH4 fluxes measured by the 

four towers in the 2018-2019 experimental period.  
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Figure 6. Half-hourly N2O and CH4 fluxes (in units of ng m-2 s-1) measured at each of the four 

FG towers in 2018. Due to instrument failure, no N2O/CH4 mixing ratio data were available from 

early August to November. Only tower A and tower C were used for sampling in the winter. The 

shaded aquamarine areas represent the observed minimum detection limit (MDL) using the zero-

gradient test for the flux data (see Chapter 4 for more details regarding the determination of the 

MDL).  



 

 

31 

 

 

 
Figure 7. Mean daily N2O and CH4 fluxes (in units of g N2O-N ha-1 d-1 and g CH4-C ha-1 d-1, 

respectively) at each of the four FG towers in 2018. Due to instrument failure, no N2O/CH4 

mixing ratio data were available from early August to November. Only tower A and tower C 

were used for sampling in the winter. The shaded aquamarine areas represent the observed 

minimum detection limit (MDL) using the zero-gradient test for the flux data (see Chapter 4 for 

more details regarding the determination of the MDL).  
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Figure 8. Half-hourly N2O and CH4 fluxes (in units of ng m-2 s-1) measured at each of the four 

FG towers in 2019. Only tower A and tower C were used for sampling in the spring. The shaded 

aquamarine areas represent the observed minimum detection limit (MDL) using the zero-

gradient test for the flux data (see Chapter 4 for more details regarding the determination of the 

MDL). The black arrows denote corn planting (P) and fertilization (F) with UAN.  
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Figure 9. Mean daily N2O and CH4 fluxes (in units of g N2O-N ha-1 d-1 and g CH4-C ha-1 d-1, 

respectively) at each of the four FG towers in 2019. Only tower A and tower C were used for 

sampling in the spring. The shaded aquamarine areas represent the observed minimum detection 

limit (MDL) using the zero-gradient test for the flux data (see Chapter 4 for more details 

regarding the determination of the MDL). For tower C, the maximum mean daily N2O flux (963 

± 596 g N2O-N ha-1 d-1 on June 30) was not included in the figure in order to have a consistent y-

axis scale among the figures. The black arrows denote corn planting (P) and fertilization (F) with 

UAN.
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Table 2. Summary statistics (minimum, maximum, 25th and 75th percentiles, median, mean, and number of observations (n)) of the 

half-hourly N2O and CH4 fluxes measured by the four FG towers in 2018 and 2019. 

Year  2018 2019 

Tower  A B C D A B C D 

Day of year  
180-215, 

311-352 

180-183, 

203-215 

180-215, 

313-351 

180-190, 

194-215 

9-81, 

118-206, 

219-256, 

263-365 

122-147, 

230-256, 

263-315, 

328-365 

9-81, 

118-187, 

194-206, 

218-256, 

263-365 

118-173, 

231-256, 

263-365 

Half-hourly N2O flux min. -36.58 -32.36 -29.59 -23.18 -192.97 -135.80 -113.26 -81.69 

(ng m-2 s-1) 25th% -8.73 8.63 -4.36 8.30 -8.33 -4.64 -6.03 1.48 

 75th% 2.57 55.42 44.27 36.60 8.86 35.06 21.73 38.91 

 max. 103.83 250.67 559.27 363.44 744.13 1019.88 3383.27 1453.04 

 median -2.67 26.37 5.20 17.73 -1.28 5.08 0.86 16.07 

 mean -2.46 45.03 28.25 38.00 5.51 37.83 33.10 28.41 

 n 419 98 399 182 1770 788 1814 1282 

Half-hourly CH4 flux min. -125.93 -127.31 -167.63 -123.32 -852.33 -342.35 -703.99 -599.04 

(ng m-2 s-1) 25th% -23.72 -51.28 -26.94 5.46 -26.45 -11.79 -24.36 -7.43 

 75th% 1.82 0.78 -0.93 39.24 -0.40 27.45 -2.61 35.19 

 max. 120.40 98.98 818.47 214.84 790.32 368.16 377.72 647.17 

 median -8.07 -20.61 -11.17 20.75 -10.34 4.56 -10.37 11.04 

 mean -11.34 -25.27 -10.61 27.50 -12.46 12.67 -14.57 19.24 

 n 419 98 399 182 1770 788 1814 1282 
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Table 3. Summary statistics (minimum, maximum, 25th and 75th percentiles, median, mean, and number of observations (n)) of the 

mean daily N2O and CH4 fluxes measured by the four FG towers in 2018 and 2019. 

Year  2018 2019 

Tower  A B C D A B C D 

Day of year  
180-215, 

311-352 

180-183, 

203-215 

180-215, 

313-351 

180-190, 

194-215 

9-81, 

118-206, 

219-256, 

263-365 

122-147, 

230-256, 

263-315, 

328-365 

9-81, 

118-187, 

194-206, 

218-256, 

263-365 

118-173, 

231-256, 

263-365 

Daily N2O flux min. -10.76 -8.19 -9.63 -6.24 -42.68 -31.56 -40.97 -24.99 

(g N2O-N ha-1 d-1) 25th% -3.90 4.67 -1.30 5.78 -4.47 -2.38 -2.87 0.72 

 75th% 1.61 23.60 18.37 20.60 6.04 19.40 12.98 21.13 

 max. 10.81 79.28 97.70 77.84 235.61 282.36 962.68 190.96 

 median -1.37 13.43 1.91 11.60 -1.24 3.77 0.01 10.29 

 mean -1.39 21.54 12.89 18.03 3.30 18.20 15.68 15.10 

 n 65 15 64 27 254 120 266 176 

Daily CH4 flux min. -46.96 -36.72 -38.66 -7.96 -155.21 -58.14 -101.69 -42.09 

(g CH4-C ha-1 d-1) 25th% -13.17 -22.22 -13.51 9.59 -16.81 -4.10 -14.25 -3.17 

 75th% -2.01 -3.62 -3.04 24.83 -1.69 19.86 -3.38 21.76 

 max. 16.67 21.71 61.47 36.73 49.92 145.43 59.14 136.02 

 median -7.86 -8.18 -7.76 18.09 -7.55 5.52 -7.51 5.86 

 mean -8.46 -12.01 -6.51 17.60 -8.38 11.36 -9.46 13.16 

 n 65 15 64 27 254 120 266 176 
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2.3.2.2 Precipitation and Post-Fertilization N2O Emission Events 

Precipitation has been demonstrated as a major driver of large N2O emissions along with N 

fertilization in other studies (Wagner-Riddle et al., 2007; Waldo et al., 2019). For the growing 

season (soybean in 2018) without any N fertilizer application, N2O emission events were 

observed after frequent irrigation (4 times in 6 days in early July) and heavy rainfalls (14.54 cm 

from July 22 to July 26) (Fig. 10a and b). However, the magnitude of the fluxes in July 2018 was 

much smaller than that in the growing season of 2019, when corn was the crop and N fertilizer 

was applied twice (on April 25 and May 24) on the farm (Fig. 10c and d). The first application 

(indicated by the first arrow in the figure) was followed by several rainfall events (7.34 cm from 

April 26 to May 5), which resulted in the first peak emission event on May 7. The second peak 

emission event that occurred on May 14 and 15 was triggered by frequent rainfall (3.61 cm) from 

May 10 to 13. Soon afterwards, the second fertilizer application to corn (indicated by the second 

arrow in the figure) on May 24 was followed by a 2.82 cm rainfall in less than 3 days, leading to 

the third emission event on May 28 in that year. Then a relatively dry period occurred from June 

3 to June 12 (only 0.71 cm rain in 10 days), potentially explaining the absence of significant 

emission pulses during that period. Following that, the flux event on June 14 coincided with a 

3.20 cm heavy rainfall event that took place the day before. The maximum N2O fluxes were 

observed on June 30 after another heavier rainfall (3.78 cm) one day earlier, which followed a 

two-week dry period with little precipitation. On average, the response time of N2O emissions to 

precipitation events was 1-2 days, given that enough nitrogen was presented in the soil. In 

contrast, heavy rainfall events beyond one month after N fertilizer application did not result in 

any increased N2O fluxes, presumably due to lack of sufficient available nitrogen. Overall, the 

comparisons between the years with and without N fertilizer application and the fast response in 
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N2O fluxes to precipitation events demonstrated that large N2O emissions were highly dependent 

upon N fertilization and precipitation events.  

2.3.2.3 Diurnal Patterns 

From May to July in 2019 when intense N2O emissions occurred, all of the four towers exhibited 

a diurnal pattern of increased N2O fluxes in the afternoon and early evening (Fig. 11). No clear 

diurnal pattern was identified for the CH4 flux data owing to the lack of large emission events, 

nor for the 2018 flux results because of the relatively short measurement period.  
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Figure 10. Daily precipitation, irrigation, and half-hourly N2O fluxes (in units of ng m-2 s-1) 

measured by the FG towers in the growing seasons of 2018 ((a) and (b)) and 2019 ((c) and (d)). 

Due to instrument failure, there was only approximately one-month of flux data in the summer of 

2018. In the growing season of 2019, to prevent the towers from being hit by the pivot irrigation 

system, the top sections of the towers had to be removed when the irrigation system was on and 

then put back afterwards. In order to restore the towersô sampling as quickly as possible after 

irrigation and avoid excessive labor work, only tower A and C were used for sampling in late 

June and July, which explained why only these two towersô flux data were available for that 

period in the figure above. Note the difference in scale on the y-axis in panels b and d. The 

arrows indicate the dates of fertilization (F) of corn in 2019.  
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Figure 11. Diurnal patterns in N2O fluxes (ng m-2 s-1) measured by the FG towers from May to 

July in 2019 when large N2O emissions were observed. Black lines represent median fluxes, the 

dark grey areas represent the ranges between 25% and 75% quantiles, and the light grey areas 

represent the ranges between 5% and 95% quantiles. The óNô values denote the amount of the 

30-min flux measurements made at each tower. Note differences in y-axis scales for different 

towers. 

 

2.3.3 Effects of DWM on Soil N2O and CH4 Fluxes 

2.3.3.1 Effects of DWM on Soil Moisture 

From the perspective of management of the DCS (drainage control structures), the two-year 

experimental period consisted of four active periods when the DCS boards were installed to 

retain more water in the DWM plots and three inactive periods when the DCS boards were 

removed for the farmôs management practices. In other words, I expected to see fewer 

differences in soil moisture and soil greenhouse gas emissions during the inactive board periods 

than during the active board periods. The four active board periods were Jan. 1 to Mar. 15 in 

2018, Jun. 18 to Sep. 12 in 2018, Oct. 17, 2018 to Mar. 6, 2019, and May 24 to Dec. 31 in 2019. 
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Further details about the active and inactive board periods can be found in Hagedorn et al. 

(2022). 

The boxplots of the differences in soil VWC (m3 m-3) between the DWM and non-DWM sites 

for the active and inactive board periods (Fig. 12) showed that both the mean and the median of 

the differences in soil VWC between DWM and non-DWM were greater during the active board 

periods than during the inactive board periods. The difference in soil VWC between the two 

treatments was analyzed because, as shown in Fig. 5d, the DWM site was consistently wetter 

than the non-DWM site, indicating pre-treatment natural variation. A non-parametric one-sided 

Wilcoxon rank sum test indicated that the differences in soil VWC between the two sites during 

the active board periods were larger than during the inactive periods at a significance level of p < 

0.001. The third quartile and the maximum during the active board periods were also apparently 

higher than that during the inactive periods, suggesting that larger differences between the two 

siteôs soil moisture were more common during the active board periods. 
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Figure 12. Box plots of the differences in soil VWC (m3 m-3) between the DWM and non-DWM 

sites (using DWM ï non-DWM) for the active (DCS boards installed for retaining water in the 

DWM plots) and inactive board periods (DCS boards removed for agricultural management 

practices) during 2018 and 2019. The red diamond represents the mean and the black horizontal 

bar inside the box represents the median of the group. The lower and upper edges of the box 

represent the first (25%) and the third quartiles (75%) of the data, respectively. The ends of the 

whiskers show the minimum and the maximum without counting outliers (open circles above the 

whisker). Asterisks indicate that significant differences were found between the two groups 

using the non-parametric one-sided Wilcoxon rank sum test (p < 0.001).  
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2.3.3.2 Effects of DWM on Greenhouse Gas (GHG) Emissions 

For the FG measurements made on either the DWM site or the non-DWM site, most of the 

significant N2O emission pulses were seen in the late spring and early summer periods during 

2018-2019. Few emission events above baseline fluxes occurred at other periods (Fig. 7 and Fig. 

9). I defined June 29-August 3 as the emission pulse period in 2018 and April 28-July 25 as the 

emission pulse period in 2019. The mean daily fluxes during those emission pulse periods were 

used to perform a one-way repeated measures ANOVA as introduced in section 2.2.7 to evaluate 

the impact of DWM on N2O and CH4 fluxes. Only the days in the emission pulse periods when 

all of the four towers were functioning were selected to ensure impartial comparisons between 

the towers, leading to 14 flux daily values left for each tower (total n = 56) in July 2018 and the 

same number of daily flux values in May 2019 as the input of the ANOVA test. Since the 

emission pulse periods were within the ranges of the active board periods, there was no sense to 

perform a flux comparison between active DCS versus inactive DCS periods.  

For N2O, the boxplots of the mean daily N2O fluxes measured by each tower in July 2018 reveals 

that the N2O fluxes measured by tower A are significantly lower than that observed by other 

three towers (Fig. 13). No statistically significant differences were detected between towers B, C, 

and D. In May 2019, significantly larger N2O emissions were measured at tower B compared to 

the measurements at tower A and tower D, and tower C had higher N2O emissions than tower A 

(Fig. 15). No statistically significant differences were found in the N2O flux measurements 

between tower B and tower C. The boxplots of the mean daily CH4 fluxes measured in July 2018 

shows that tower D observed significantly different CH4 fluxes than towers A and B (Fig. 14). 

For CH4 fluxes in May 2019, tower B showed distinct differences relative to towers A and C 

(Fig. 16). Overall, the statistical tests showed that, although there were some differences between 
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towers, there were no consistent treatment effects of DWM (sites C and D) compared to non-

DWM (sites A and B) for either gas (N2O or CH4) or in either crop-year (soybean in 2018 or 

corn in 2019). For example, in the non-DWM site in May 2019 tower B had the highest and 

tower A the lowest N2O emissions, with towers C and D intermediate, suggesting that spatial 

heterogeneity within the study area had a greater impact on production and emission of soil 

greenhouse gases than the DWM treatment. 

It should be noted that in the statistical comparisons, most of the CH4 flux values at towers A, B, 

and C in 2018 and most of the CH4 flux values at towers A and C in 2019 were negative, 

indicating net consumption of atmospheric CH4. However, Table 4 shows that a very large 

proportion of the negative CH4 concentration gradients corresponding to the negative CH4 fluxes 

are within the FG systemôs observed minimum detection limit (MDL) defined by the zero-

gradient test (see Chapter 4 for more details regarding the determination of the MDL). Therefore, 

I conclude that there is at most a weak soil sink for CH4 that may not be different from zero, 

given detection limits of the system. As with N2O, no consistent significant effect of the DWM 

treatment was found for CH4. 
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Figure 13. Box plots of the mean daily N2O fluxes (14 daily values for each tower) measured in 

July 2018. Red diamonds represent means and black horizontal bars in the boxes represent 

medians. Asterisks indicate that significant differences were found between the two towers 

connected by a bracket using the one-way repeated measures ANOVA and the pairwise t-tests 

with the Bonferroni multiple testing correction for p-value adjustment (ñ*ò and ñ**ò represent 

significance levels p < 0.05 and p < 0.01, respectively). ɖg
2 is a measure of effect size in 

ANOVA and indicates that 25% of the variation in N2O flux can be explained by the variation 

between the towers. 

 
Figure 14. Box plots of the mean daily CH4 fluxes (14 daily values for each tower) measured in 

July 2018. Red diamonds represent means and black horizontal bars in the boxes represent 

medians. Asterisks indicate that significant differences were found between the two towers 

connected by a bracket using the one-way repeated measures ANOVA and the pairwise t-tests 

with the Bonferroni multiple testing correction for p-value adjustment (ñ**ò and ñ****ò 

represent significance levels p < 0.01 and p < 0.0001, respectively). ɖg
2 is a measure of effect 

size in ANOVA and indicates that 47% of the variation in CH4 flux can be explained by the 

variation between the towers. 
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Figure 15. Box plots of the mean daily N2O fluxes (14 daily values for each tower) measured in 

May 2019. Red diamonds represent means and black horizontal bars in the boxes represent 

medians. Asterisks indicate that significant differences were found between the two towers 

connected by a bracket using the one-way repeated measures ANOVA and the pairwise t-tests 

with the Bonferroni multiple testing correction for p-value adjustment (ñ*ò and ñ****ò represent 

significance levels p < 0.05 and p < 0.0001, respectively). ɖg
2 is a measure of effect size in 

ANOVA and indicates that 20% of the variation in N2O flux can be explained by the variation 

between the towers. 

 
Figure 16. Box plots of the mean daily CH4 fluxes (14 daily values for each tower) measured in 

May 2019. Red diamonds represent means and black horizontal bars in the boxes represent 

medians. No significant pairwise differences were found between towers using the one-way 

repeated measures ANOVA and the pairwise t-tests with the Bonferroni multiple testing 

correction for p-value adjustment (p < 0.001). ɖg
2 is a measure of effect size in ANOVA and 

indicates that 15% of the variation in CH4 flux can be explained by the variation between the 

towers.  
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Table 4. The mean and median values of the CH4 concentration gradients corresponding to the 

CH4 fluxes used in the statistical tests and the proportion of the measured CH4 gradients that are 

within the observed minimum detection limit (MDL) of the instrument. For CH4, the minimum 

detectable gradient observed during the zero-gradient test was 0.213 ± 0.141 ppb. See Chapter 4 

for more details regarding the determination of the MDL. 

 Tower A Tower B Tower C Tower D 

July 2018     

Mean (ppb) -0.183 -0.174 0.10 0.314 

Median (ppb) -0.147 -0.220 -0.144 0.351 

Within MDL 11/14 6/14 9/14 2/14 

May 2019     

Mean (ppb) -0.031 0.088 -0.035 0.055 

Median (ppb) -0.028 0.080 -0.040 0.101 

Within MDL 14/14 13/14 14/14 10/14 
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2.3.4 Comparisons between the FG and Soil Chamber Measurements 

Since no clear temporal patterns were identified for the CH4 flux data, comparisons were only 

focused on the N2O flux measurements between the FG and chamber methods. 

2.3.4.1 Comparison of Flux Gradient Tower with Automated Chambers 

As shown in Fig. 1, the four automated chambers were carefully installed next to tower B to 

ensure they were within the micrometeorological flux footprint of that tower, so only the flux 

measurements of tower B were used for comparisons with the automated chamber data. After the 

first fertilization in 2019, both the automated chamber and the FG methods captured strong 

pulses of N2O emissions after rainfall events (Fig. 17). However, during the emission pulse 

periods, chamber 1 showed distinctly higher N2O fluxes compared to other three automated 

chambers and the FG measurements, which may be ascribed to the placement of this chamber on 

a hot spot of soil N2O emissions.  

The measurement interval between the automated chamber measurements (in an order of 

chamber 1 to 4) was approximately 8 minutes. Before the linear regression was performed 

between the automated chamber and FG measurements, the automated chamber flux data were 

averaged every 2 hours regardless of the chamber number to match the measurement frequency 

of the FG tower. To assess the influence of the chamber with the substantially higher measured 

fluxes, Figures 18 and 19 show the time series comparisons and linear regressions between the 

two methods when the N2O flux data of chamber 1 were included in the calculation of the 2-hour 

chamber means (a) and excluded in the calculation of the 2-hour means (b), respectively. For 

both cases, N2O fluxes from the two methods were linearly correlated (R2 = 0.599 and 0.544, 

respectively), but the differences in the slope (1.51 ± 0.11 vs. 0.95 ± 0.08) indicated that using 
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the means of all four of the automated chambersô flux data would lead to higher estimates of soil 

N2O emissions compared to the FG method.  

 
Figure 17. Rainfall (a), N2O fluxes (in units of ng m-2 s-1) measured by the automated chambers 

(8-min measurement interval) (b), and half-hourly N2O fluxes (in units of ng m-2 s-1) measured 

by tower B (c) in May 2019. The arrow indicates the first fertilization event (F) on April 25 (not 

corresponding to the date on the x axis). Note the difference in scale on the y axis between panel 

b and c, due to the large fluxes from chamber 1 in panel b. 
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Figure 18. Comparisons of N2O fluxes (in units of ng m-2 s-1) measured by the automated 

chambers (blue triangles) and by the flux gradient method at tower B (red dots) in May 2019. 

The auto chamber measurements were averaged every 2 hours to match the measurement 

frequency of tower B. The grey shaded areas indicate standard deviations of the 2-hour means 

for chambers. The flux measurements of chamber #1 were included (a) and excluded (b) in the 

calculation of the 2-hour means. Note the difference in y axis scales. 
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Figure 19. Linear regressions between the automated chamber measurements and the flux 

gradient tower (tower B) measurements in May 2019 (n = 121 flux data points). The auto 

chamber measurements were averaged every 2 hours to match the measurement frequency of 

tower B. The vertical error bars represent standard deviations of the 2-hour means for the 

chamber data. The grey shaded areas are the confidence interval around the linear regression line 

(red). The flux measurements of chamber #1 were included (a) and excluded (b) in the 

calculation of the 2-hour means.  
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2.3.4.2 Comparison of Flux Gradient Tower with Static Chambers 

Soon after the first fertilization event in 2019, the manual static chambers captured similar 

magnitudes of vigorous N2O production as the towers did in the growing season of the same 

year. Because of the relatively long interval between monthly field sampling activities and the 

unpredictable characteristic of N2O emissions, the static chambers did not detect another peak 

emission event following the second fertilization. At other times, most N2O fluxes were small, 

which agreed with the FG measurements. Further analyses about the results of the manual static 

chambers can be found in Hagedorn et al. (2022). 

 
Figure 20. Comparisons of N2O fluxes (in units of g N2O-N ha-1 d-1) between the static chamber 

(triangles) and the FG methods (open circles) on plots A (a), B (b), C (c), and D (d). For the 

chamber data, each triangle represents the average of the eight chamber N2O flux measurements 

on the same day. For the tower data, each open circle represents a daily mean of the 30-min flux 

measurements. Error bars indicate standard deviations. The black arrows mark two fertilization 

events on April 25 and May 24, 2019.  
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2.4 Discussion 

2.4.1 Impacts of DWM on Soil Moisture 

The continuous monitored soil moisture data by the Decagon 5TE sensors showed that the DWM 

site was consistently wetter than the non-DWM site at the 5 cm depth. It is possible that the 

difference may be due to spatial variation of soil properties that is unrelated to the DWM 

treatment. By analyzing the difference in soil moisture between the non-DWM and DWM sites, I 

found that the difference was statistically significantly larger during the active board periods than 

during the inactive board periods. However, the manually measured soil moisture data for the 

same period at the same location (Hagedorn et al., 2022) showed no significant differences by 

treatment or board period, indicating the DWM did not affect near surface soil water content. 

The different conclusions of the impact of DWM on soil moisture can be ascribed to the 

limitations of the continuous method and the manual method for soil moisture measurements. 

The continuous method is restricted to natural variations of the location of the installation and 

does not reflect field-scale spatial variability in soil moisture, but it provides consistency for 

assessing high frequency and long-term temporal variation. In this study, the measurements from 

each high-frequency, continuously recording system were not replicated, so it was challenging to 

design a statistical test on the treatment effect beyond pairwise comparisons of the DWM and 

non-DWM probe installations. In contrast, the manual measurements can represent spatial 

variability within the field, but depending on the number and the choices of the measurement 

times and locations, may be skewed by unrepresentative sampling, both temporally and spatially. 

The manual methods are prone to measurement errors of inconsistent depths and limited by low-

frequency measurements. For future similar studies, I recommend: 1) install replicates for each 

continuously recording system; 2) design the continuous and the manual measurements of soil 
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moisture to complement each other. Using this study as an example, weekly/biweekly manual 

measurements of soil moisture next to the automated recording systems could be useful to 

evaluate the difference between these two methods. Spatial surveys of soil moisture and more 

frequent manual measurements outside the active periods of drainage water management could 

contribute to better understanding of spatial and natural variation of soil moisture in the fields, 

respectively. 

2.4.2 Implications of Spatial Heterogeneity in GHG Emissions on Tower and Chamber 

Comparisons 

Soil greenhouse gas emissions such as N2O and CH4 are highly variable spatially due to spatial 

heterogeneity of soil characteristics such as soil moisture and temperature, inorganic nitrogen 

content, carbon availability, and microbial community abundances (Firestone & Davidson, 1989; 

Groffman et al., 2009; Parkin, 1987). Thus, it is important to estimate the spatial coverage of the 

flux gradient towers and the static/automated chambers when comparing measurement results 

from these two methods. It is equally important to understand that hot spot chambers could 

contribute to the disagreement between the micrometeorological method and the chamber 

method (Jones et al., 2011; Waldo et al., 2019). In this study, the four automated chambers were 

installed within the micrometeorological flux footprint of the flux gradient tower but owing to a 

small number of automated chambers (n = 4) implemented, a single hot spot chamber had 

disproportionate impacts on the mean N2O fluxes. The spatial coverage of the flux tower was 

approximately 2800 m2 (integrating up to the 80% flux contribution area; see footprint analysis 

in Chapter 4), whereas the four automated chambers were clustered in a relatively small part of 

the towerôs footprint (the soil surface area enclosed by each chamber was about 0.05 m2) because 

they had to be connected to a single analytic instrument. A relatively large quantity of soil 

chambers is needed to better characterize spatial heterogeneity of soil N2O emissions within the 
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field, which also reflects the challenge in using static/automated chambers to quantify field-scale 

emissions. At the time when our flux measurements were taking place, this comparison between 

the auto-chamber and flux gradient measurements was one of the first few methodological 

comparisons of N2O fluxes since these sensitive, fast response instruments had become available. 

In the case of the manual chambers, although general agreement was reached in the flux results 

between the micrometeorological method and the chamber method, differences still existed in 

the intensities of the captured emission pulses, which also could be attributed to some chambersô 

being placed on hot spots of soil N2O emissions or not being distributed sufficiently to represent 

the full tower footprint area. Therefore, approximate agreement in spatial coverage is desired 

when comparing the micrometeorological and chamber methods, as also recommended by other 

studies (Laville et al., 1999; Pihlatie et al., 2005). Another recommendation based on past 

research findings is using the largest number of chambers as is feasible to help avoid outlier 

effects and approach the best feasible estimate of the site mean. A study in an Amazonian forest 

found that an estimate of the mean flux derived from a sample of eight randomly chosen 

chambers had a Ó 90% probability of being within ±50% of the mean of a more intensive 

sampling of 36 chambers (Verchot et al., 1999).  

2.4.3 Implications of Inter-Tower Comparisons on Adoption of DWM Practices 

The statistical tests showed that no significant treatment effects of DWM were found in soil 

GHG emissions. However, there were two major limitations associated with the statistical tests. 

First, there was no way to perform a before-and-after DWM comparison for the flux 

measurements at the same field because the emission pulse periods fell within the ranges of the 

active board periods. A before-and-after comparison for the same field would eliminate the bias 

resulting from the differences in natural variations of soil characteristics between DWM and 
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non-DWM fields. Second, using only data from the days when the four towers were functioning 

led to relatively few (n = 14) daily flux values for each tower as the input of the ANOVA test. 

The length of the defined emission pulse period is over 30 days in either 2018 or 2019, too few 

daily values may not be representative of the temporal variability of soil GHG emissions on the 

research site. On the other hand, these 14 measurement days included most of the periods with 

large post-fertilization fluxes, which is the most important period with respect to annual fluxes. 

The companion study by Hagedorn et al. (2022) also found null impact of DWM on soil GHG 

emissions by running the Wilcoxon rank sum test using the chamber-measured flux data 

aggregated by board period and treatment. Although the ANOVA tests in this study have limited 

statistical power, the results of the pairwise tower comparisons are in line with the findings of the 

companion study and other literature (Crézé & Madramootoo, 2019; Datta et al., 2013; Elmi et 

al., 2005; Nangia et al., 2013; Nash et al., 2015; Van Zandvoort et al., 2017).  

While all of these studies above used the static closed chamber technique, to our knowledge, this 

is the first study employing a micrometeorological method to evaluate the effects of DWM on 

soil GHG emissions in agricultural fields. Compared to the static chamber method, the 

micrometeorological flux gradient method allows near continuous measurements of soil GHG 

emissions at a finer temporal resolution and a larger scale without disturbing the microclimate 

between soils and the atmosphere. These advantages confer additional confidence in the 

conclusion that there were not statistically significant differences between DWM and non-DWM. 

This study provides evidence that, although wetter soils resulting from DWM may create soil 

conditions favorable to increased denitrification rates, the deployment of DWM for the purpose 

of reducing nitrate leaching did not result in a statistically significant and consistent increase in 

N2O and CH4 fluxes from the soil surface. Hagedorn et al. (2022) showed that DWM on this 
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farm did, indeed, reduce hydrologic export of nitrate and speculated that most of the 

denitrification probably occurred near the zone where groundwater enters the drainage ditches. 

The present study corroborates the findings that this intended effect of DWM did not create an 

unintended consequence of increased N2O and CH4 fluxes from the cropland soil surfaces within 

the tower footprints. Hence, for the conditions of this farm, DWM can be recommended as an 

effective best management practice to reduce nitrate leaching from agricultural lands, whilst 

avoiding undesired pollution swapping of elevated soil GHG emissions. 

 

2.5 Conclusion 

A major concern of implementation of DWM is potential production and emission of N2O and 

CH4, both of which are potent greenhouse gases. It is challenging to quantify the emissions of 

these trace gases from agricultural fields because they usually occur intermittently in bursts 

following fertilization or precipitation events. This chapter demonstrates that the 

micrometeorological flux gradient technique is capable of capturing the sporadic bursts of soil 

GHG emissions at a finer temporal resolution compared to the traditional static chamber method. 

The FG measurement results suggest that strong N2O emission pulses are highly dependent on 

the coupled fertilizer-precipitation events and the average response time of N2O emissions to 

precipitation events can be as short as 1-2 days. The magnitudes of the observed N2O fluxes 

between the FG and static chamber methods are in general agreement but it is noteworthy that 

spatial variability of the chamber data (such as ñhot spotò chambers) or differences in spatial 

coverage between the FG system and the chamber system could contribute to the disagreement 

between the micrometeorological and the chamber methods. Furthermore, the FG measurements 

in this chapter indicate that during the active periods of drainage water management, there were 

some differences in the observed N2O and CH4 fluxes between towers, but no consistent 



 

 

57 

 

treatment effects of DWM were detected in comparison with the non-DWM condition for either 

gas or crop type (soybean in 2018 or corn in 2019). In conclusion, DWM is a promising best 

management practice to reduce nitrate concentrations in drainage water without imposing an 

environmental liability concerning intensified soil GHG emissions.  
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Chapter 3: Evaluation of Impacts of Biosolids Application and Drainage 

Water Management on Soil Greenhouse Gas Emissions Using the Flux 

Gradient Technique 
 

 

Abstract 

Existing studies have shown limited and contradictory findings with respect to whether biosolid 

applications on agricultural lands would lead to intensification of soil greenhouse gas (GHG) 

emissions. Here, I describe the results of deployment of a micrometeorological flux gradient 

method to quantify post-biosolid soil emissions of N2O and CH4 on a drainage water managed 

farm on the Eastern Shore of Maryland in 2020 and a comparison with the flux results of 2018 

and 2019 when no fertilizer and conventional synthetic fertilizer UAN was applied, respectively. 

The analysis of soil extractable nitrogen shows that the post-biosolid soil has the highest nitrate 

concentration, contributing to the highest N2O emissions in the growing season of 2020 

compared to 2018 and 2019. Other contributors include the low C:N ratio of the biosolids and 

the above average precipitation in 2020. In contrast, different fertilization regimes did not 

generate distinct differences between the three years for CH4 fluxes. In addition, the statistical 

tests showed that although differences existed between towers, no significant treatment effect of 

drainage water management (DWM) was found for either N2O or CH4, which aligns with the 

result of the statistical comparison in Chapter 2. The estimated N2O EF for biosolid addition in 

2020 is similar for the DWM (4.8-5.2%) and non-DWM sites (4.5-4.8%) and about 2-4 times the 

N2O EF in 2019 (1-2.5%) and 3 times the IPCC Tier 1 EF (1.6%) for synthetic fertilizer, 

demonstrating the intensification effect of biosolid addition on soil N2O emissions for the 

cropland studied here. 
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3.1 Introduction 

Biosolids (also known as treated sewage sludge) are a semisolid product of the wastewater 

treatment process and rich in nutrients (such as nitrogen and phosphorus) that are essential to 

plant growth and organic matter that can improve soil structure. Famers began to use sewage 

sludge from municipal wastewater treatment plants to improve soil fertility in 1920s. Nowadays, 

biosolids are applied as a common amendment to croplands. Based on the annual biosolids 

reports collected from 41 states where the Biosolids Program is implemented, the U.S. 

Environmental Protection Agency (USEPA) estimated 1.15 million dry metric tons of biosolids 

were applied to agricultural lands in 2021 (Environmental Protection Agency, 2022). Previous 

studies examining the impact of biosolids application on soil greenhouse gas (GHG) emissions 

on agricultural lands have showed contrasting results. A study in Denmark found that sludge 

applications had minor influence on cumulated fluxes of N2O and CH4 in a barley field, and that 

land use (agriculture versus forest) was a much stronger controller (Ambus et al., 2001). While in 

Canada, researchers reported higher N2O emissions from sandy loam soil treated with organic 

amendments (i.e., raw pig slurry and biosolids) than treated with mineral N fertilizer (Pelster et 

al., 2012). They also concluded that in the plots treated with organic amendments, mean soil 

nitrate availability was negatively correlated to the C:N ratio of the amendment (Chantigny et al., 

2013). A meta-analysis conducted by Charles et al (2017) on the global scale reviewing N2O 

emission factors (EFs) from agricultural soils receiving organic amendments yielded a global 

average EF of 0.57 for all organic sources, lower than the IPCC default EF of 1.6 for synthetic 

fertilizers. The authors also highlighted the importance of the C:N ratio of the organic 

amendment to the EF. These inconsistent findings mean that further research is needed to 
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understand the different effects between biosolids and synthetic fertilizer applications on soil 

GHG emissions. 

On this farm site, biosolids application occurred every 4-5 years with the main objective to 

increase soil phosphorus content as well as other nutrients and organic matter. At the microsite 

scale, N2O production is controlled by soil N, soil C content, soil pH and temperature, oxygen 

availability and soil water content (Grossel et al., 2016; Saggar et al., 2013; Stehfest & 

Bouwman, 2006). The presence of both available carbon and nitrogen in biosolids suggests that 

its application is likely to alter the dynamics of soil N2O emissions compared to the years when 

synthetic fertilizer such as UAN (urea ammonium nitrate) was used. In this chapter, I quantified 

soil emissions of N2O and CH4 using the near-continuous flux gradient (FG) measurements for 

the year 2020 when biosolids were added into the fields and compared them to the previous 

yearôs fluxes when mineral N fertilizer UAN was applied.  

In addition to the biosolids application, drainage water management (DWM) was also 

implemented on this farm in 2020 to control the underground water table level to accommodate 

field management and meet crop water requirements in the growing season. As discussed in 

Chapter 2, a major concern of the implementation of the DWM practice is the potential 

production of soil N2O and CH4 emissions. Whether this unintended consequence of DWM 

existed for soil GHG emissions in 2020 was investigated in this chapter as well. 

3.2 Materials and Methods 

3.2.1 Site Description 

The research site was a private farm in eastern Maryland on the Delmarva Peninsula. The owner 

of this farm already had drainage water management (DWM) structures installed and was willing 

to accommodate our research needs without disturbing standard agricultural activities. This 
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region has a humid subtropical climate. Average annual precipitation is 114 cm and monthly 

average temperatures are 2 ºC in January and 24 ºC in July. Soil on this farm is classified as 

Fallsington fine-loamy, mixed, active, mesic Typic Endoaquults. 

3.2.2 Farm Management 

The typical crop rotation schedule is corn-soybean rotation with daikon radish used as the winter 

cover crop. However, to take full advantage of the nutrients in the addition of biosolids, the 

farmer planted corn again in 2020 following the previous corn year. Biosolids containing 20-

25% dry content was applied at a rate of 18-20 tons per acre, which, according to the vendorôs 

estimate, would provide 160 lbs. N/acre (179 kg N/ha) mineralizable-N for the first year and 

smaller amounts mineralized in subsequent years. Biosolids application occurred along with 

tillage to incorporate the biosolids into the soil from May 19 to June 2 and corn planting was 

finished at night on June 2. Herbicide was sprayed on June 24 to remove undesired vegetation. 

Pivot irrigation was used to supplement precipitation events in the summer. The DWM and non-

DWM sites were subject to the same sludge fertilization rate, herbicide application, and 

irrigation rate in 2020. 

3.2.3 Experimental Design 

The experiment design for the flux measurements in 2020 was the same as that in the previous 

years, as described in Chapter 2. The aerial image of the research site showing the positions of 

the drainage ditches, the FG towers, and the instrument trailer can be found in Fig. 21. 
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Figure 21. Google Map satellite image of the research farm with proposed siting of the DWM 

structures, the flux gradient measurement towers, the meteorology tower, and the instrument 

trailer. Towers A and B were in the free drainage (non-DWM) fields; towers C and D were in the 

controlled drainage (DWM) fields. 
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3.2.4 Flux Calculation 

The flux calculation and filtering processes were the same as that in the previous chapter. Flux 

measurements were made from January until March 23, when the site was shut down due to the 

COVID-19 pandemic. Flux measurements were reinitiated on June 5, as soon after it was safe to 

re-enter the site after biosolids application, and continued to the end of the year, with the 

exception of a gap in September and October for the harvest. 

3.2.5 Supplementary Environmental Data 

In 2020, the meteorological tower continued to provide 30-min air temperature, relative 

humidity, barometric pressure, wind speed and direction, and precipitation data. The vertical 

profile of soil temperature and volumetric water content (VWC) were measured using the same 

recording systems and at the same locations in the DWM and non-DWM fields. But the 

measurement depths were changed to three depths only, which were approximately 5 cm, 30 cm, 

and 50 cm below soil surface, owing to the failure of the soil moisture and temperature sensors at 

other depths. 

Soil samples used for nitrate and ammonium concentration analyses were taken approximately 

monthly in 2020 from June to December after the application of biosolids using a 2.2 cm 

diameter soil sampler probe. The soil samples were stored in a refrigerated cooler before 

transporting to the laboratory for further analysis. At the lab, each field moist sample was sifted 

using a 2 mm opening sieve to remove rocks, fine roots, etc. Ten grams of the sieved soil were 

extracted in 100 mL of 2M potassium chloride (KCl) in an Ehrlenmeyer flask and placed on a 

shaker table on low speed for 1 hour. The solution was allowed to settle and then extracts were 

vacuum filtered through a Whatman No.42 filter paper. The filtered extracts were analyzed for 

nitrate and ammonium concentrations by a Lachat autoanalyzer (Maynard et al., 1993). Samples 
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that were not processed in the analyzer within 12 hours were stored at 4ºC until analysis was 

done within 1 month of soil sample collection. 

Biosolids samples were taken from four different piles of fresh sludge at the farm before 

application and transported to the laboratory in a refrigerated cooler. At the lab, the samples were 

dried, ground to a fineness of less than 0.5 mm, and analyzed for total carbon and total nitrogen 

using a mass spectrometer. 

3.2.6 Statistical Analyses 

To test the effects of DWM on trace gas fluxes, a one-way repeated measures ANOVA test was 

used to detect whether there were significant differences in the flux measurements between the 

four towers when all of them were functioning. A logarithm transformation (log10) was applied 

when the data were non-normal or skewed to meet the required assumptions of normality and 

homogeneity of variances for all groups. A small positive offset was added to make all values 

positive before log transformation if needed. After the logarithm transformation, the assumptions 

of normality for each group and homogeneity of variances across groups were both satisfied 

(Fig. 22, 23 and Table 5). The one-way repeated measures ANOVA was followed up by multiple 

pairwise t-tests using a Bonferroni multiple testing correction method for p-value adjustment to 

test differences between towers. Gap-filled flux values were not used in the statistical tests to 

avoid bias in the comparisons. Statistical analyses were performed in R (R Core Team, 2022). 
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Figure 22. The density distributions of the daily N2O fluxes measured in the period of June 8-

July 9, 2020 when all of the four towers were functioning. Each tower contains 18 daily values. 

Notice the differences in scale on the x- and y-axes. 

 

 
Figure 23. The density distributions of the log-transformed daily N2O fluxes measured in the 

period of June 8-July 9, 2020 when all of the four towers were functioning. Each tower contains 

18 daily values. Notice the differences in scale on the x- and y-axes. 
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Table 5. The p-values of the Shapiro-Wilk test on checking the normality of each group (tower) 

and the Leveneôs test and the Fligner-Killeenôs test on checking the homogeneity of variances 

across groups (towers) for the daily N2O fluxes measured in the period of June 8-July 9, 2020. 

The Leveneôs test is not sensitive to departures from normality and the Fligner-Killeenôs test is 

very robust against departures from normality. For the Shapiro-Wilk test, a p-value less than 0.05 

suggests non-normal distribution of the data. For the Leveneôs test and the Fligner-Killeenôs test, 

a p-value less than 0.05 indicates significant differences between variances across groups 

(towers). 

Test Before log-transformation After log-transformation 

Shapiro-Wilk test   

Tower A 0.006 0.120 

Tower B 0.026 0.140 

Tower C 0.021 0.142 

Tower D 0.0004 0.916 

Leveneôs test 0.004 0.104 

Fligner-Killeenôs test 0.005 0.134 

 

 

3.3 Results 

3.3.1 Environmental Data 

3.3.1.1 Precipitation and Air Temperature 

Daily precipitation and irrigation records in this year are shown in Fig. 24a. The highest daily 

rainfall amount was 13.74 cm on August 4. The total annual precipitation was 167 cm, 10 cm 

higher than that in 2018 (157 cm) and 1.5 times higher than that in 2019 (109 cm), which made 

the year of 2020 the wettest year among the three years. The driest month was January with 2.73 

cm precipitation and the wettest month was August with 9.77 cm precipitation. The daily average 

air temperature was 14.3 ºC and varied from -4.1 ºC to 29.2 ºC (Fig. 24b). Mean monthly air 

temperature ranged from 3.8 ºC in January to 26.0 ºC in July. 
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3.3.1.2 Soil Temperature and Moisture 

Daily averaged soil temperature measured at 5 cm depth followed the seasonal trends observed 

in the air temperature data (Fig. 24c), ranging from 1.3 ºC to 31.5 ºC. In the DWM field, the 

daily mean of the soil volumetric water content (VWC) in the surface soil ranged from 0.147 to 

0.486 m m-3 over the course of the one-year measurement; in the non-DWM field, the daily mean 

of the soil VWC varied from 0.201 to 0.429 m m-3 (Fig. 24d). The daily averaged surface soil 

VWC in both the DWM and non-DWM fields exhibited the same response to precipitation 

events, but the increase in soil VWC was greater in the DWM field than that in the non-DWM 

field, indicating a wetter soil condition for the DWM field after each precipitation event. Data 

gaps existed for the non-DWM site from early June to mid-August because of the malfunction of 

the data collecting system. 

3.3.1.3 Soil Nitrogen Concentration 

The soil extractable nitrate in the surface soil (5 cm) ranged from 4.72 to 66.31 mg N kg-1 (Fig. 

24e and Fig. 25a). The application of biosolids was completed on June 2, denoted by the arrow in 

the figure. Soil nitrate concentration reached its highest level at the first sampling date after 

biosolids addition and decreased over time in both the DWM and non-DWM fields. Soil 

ammonium concentration rose gradually to its maximum in the first two months after biosolids 

application and returned to its normal values afterwards (Fig. 24f and Fig. 25b). 

The comparisons of soil extractable nitrogen concentration among the three consecutive years 

(2018, 2019, and 2020) clearly show that the soil in both the DWM and non-DWM fields had the 

highest nitrate concentrations after biosolids application in 2020 and the lowest nitrate 

concentrations in 2018 when soybean was planted and no N fertilizer was added to the fields 

(Fig. 25a). For soil extractable ammonium concentration, the three-year data show relatively 
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small ranges of variations in both fields compared to the nitrate concentrations, except for one 

measurement in the growing season of 2018 (Fig. 25b). Overall, the addition of biosolids in 2020 

resulted in much more nitrate measured in the fields than the synthetic fertilizer did in the 

previous year. 

  



 

 

69 

 

 
Figure 24. Timeseries of environmental, soil, and flux variables measured in 2020. (a) 

Precipitation and irrigation, (b) daily averaged air temperature, (c) daily averaged soil 

temperature of surface soil (5 cm), (d) daily averaged soil volumetric water content (VWC) in 

surface soil, (e) soil extractable nitrate, (f) soil extractable ammonium, (g) daily averaged N2O 

fluxes (in log scale, a small positive offset (50 g N2O-N ha-1 d-1) was added to make all values 

positive before log transformation), and (h) daily averaged CH4 fluxes. Black arrows denote 

planting (P) and biosolids application (B) events. Whiskers in panels (e) and (f) represent the 

standard deviation of the replicated samplings of the field soil (spatial heterogeneity) and 

whiskers in panels (g) and (h) represent the standard deviation of the daily mean calculated from 

half-hourly flux values (temporal heterogeneity).  



 

 

70 

 

 
Figure 25. Comparisons of soil NO3

--N (a) and NH4
+-N (b) concentrations (mg kg-1) between 

2018 (soybean), 2019 (corn), and 2020 (corn) for the DWM (open circles) and non-DWM 

(triangles) sites. The error bar represents the standard deviation of multiple samplings at one site. 

The color-coded arrows indicate synthetic fertilizer (F) and biosolid (B) applications in 2019 and 

2020. 

 

3.3.2 The FG Measurements 

In 2020, 4624 individual half-hourly flux measurements were made with the four FG towers, 

which had been converted into 202 daily mean flux values for the DWM site and 203 daily mean 

flux values for the non-DWM site (Fig. 24g and Fig. 24h). The first data gap from late March to 

early June was due to the shutdown of the research site due to COVID-19 and the second data 

gap between late September and late October was due to the farmerôs harvest. 

Large N2O emissions were observed at both sites following the application of biosolids in the 

growing season of 2020, coinciding with precipitation events. The maximum daily N2O flux 

values measured from the DWM site and the non-DWM site were 1116 and 2460 g N2O-N ha-1 

day-1 on June 21 and June 5, respectively. N2O emissions then decreased to near-zero throughout 
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the remainder of the year in both fields. The general trend over time observed in the 2020 N2O 

emission data was the same as the temporal pattern that was found in the 2019 data. No such 

distinct patterns were identified in the CH4 flux results following fertilization, with the daily flux 

values ranging from -82 to 85 g CH4-C ha-1 day-1 in the DWM field and -51 to 67 g CH4-C ha-1 

day-1 in the non-DWM field.  

3.3.2.1 Comparisons between the FG Towers 

None of the four FG towers detected any elevated N2O fluxes that were beyond the detection 

limit in the first few months of 2020 (Fig. 26). Following biosolids additions on June 2, strong 

pulses of N2O fluxes were continuously observed at all four towers for approximately one 

month. Although the largest daily mean N2O flux was measured at tower B, tower C had the 

most intensive N2O emissions in general (Fig. 27a), consistent with the findings in 2019 when 

synthetic fertilizer was applied. The N2O emissions decreased quickly over time. Beyond one 

month after biosolid application, significant emission pulses after precipitation events were no 

longer observed at any of the towers throughout the remaining months of the year, which was 

likely due to lack of available N. For CH4, there were no distinct differences among the four FG 

towers. The measured CH4 fluxes were within the minimum detection limit (MDL) of the system 

at most times. A positive flux (emission) or negative flux (uptake) beyond the MDL was rarely 

seen in each towerôs measurements. The finding on CH4 flux also agrees with what I learned 

from the 2018 and 2019 data. 

3.3.2.2 Diurnal Patterns 

During the emission pulse period from June to July in 2020, the highest N2O emissions at the 

four towers all occurred in the late afternoon and early evening, as indicated by the diurnal 

patterns of the shaded areas (Fig. 28), which is likely due to temperature effects. There was no 
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such pattern for the solid lines (median fluxes), suggesting this late-afternoon pattern of elevated 

N2O emissions did not happen most days. This is reasonable because large N2O emissions are 

highly dependent on a combination of precipitation events when sufficient reactive nitrogen is 

present, and can then further respond to diel temperature variation. No clear diurnal pattern was 

identified for the CH4 flux data because of the lack of large emission pulses.  
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Figure 26. Mean daily N2O and CH4 fluxes (g N2O-N ha-1 day-1 and g CH4-C ha-1 day-1, 

respectively) at each of the four FG towers in 2020. The shaded aquamarine areas represent the 

observed minimum detection limit (MDL) using the zero-gradient test for the flux data (see 

Chapter 4 for more details regarding the determination of the MDL). For tower B, the error bar 

of the highest mean daily N2O flux was not included in order to have a consistent y-axis scale 

with other figures. The black arrow denotes corn planting (P) and fertilization with biosolids (F).  
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Figure 27. Box plots of mean daily N2O (a) and CH4 (b) fluxes measured by the four FG towers 

in 2020. Because the N2O flux data had right-skewed distribution, a natural log transformation 

was applied to the data. A small positive offset (50 g N2O-N ha-1 d-1) was added to ensure all 

values were positive before log transformation. Red diamonds represent means and black 

horizontal bars in the boxes indicate medians. The lower and upper edges of the boxes represent 

the first (25%) and the third (75%) quartiles of the data, respectively.  
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Figure 28. Diurnal patterns in N2O fluxes (ng m-2 s-1) measured by the FG towers in June and 

July of 2020 when strong emissions pulses were observed. Black lines represent median fluxes, 

the dark grey areas represent the ranges between 25% and 75% quantiles, and the light grey areas 

represent the ranges between 5% and 95% quantiles. The óNô values denote the amount of the 

30-min flux measurements made at each tower. Note the differences in scale on the y-axes in 

different panels. 

 

3.3.2.3 Effects of Biosolids Application on Fluxes 

The comparisons of soil N2O emissions among the three consecutive years (2018, 2019, and 

2020) demonstrate the effects of different types of fertilizers on N2O fluxes clearly (Fig. 29): the 

fields had the highest N2O emissions after the addition of biosolids in 2020 corn year and the 

lowest N2O emissions in 2018 soybean year when no N fertilizer was added. After the 

application of synthetic fertilizer in 2019 corn year, the observed N2O emissions were higher 

than that in 2018 but significantly lower than that in 2020. In the case of soil CH4 emissions, the 

applications of different fertilizers/no fertilizer did not yield evident differences between the 

three years (Fig. 30).   
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Figure 29. Comparisons of soil N2O emissions between 2018 (soybean, no fertilizer), 2019 (corn, 

synthetic fertilizer), and 2020 (corn, biosolids) at each tower. The color-coded arrows indicate 

UAN (F) and biosolid (B) applications for 2019 and 2020, respectively. The standard deviations 

of some data points were not shown to make the y-axis scales consistent among the figures. For 

the same reason, the highest daily mean flux (2460 g N2O-N ha-1 day-1) measured at tower B on 

June 5, 2020 was not shown in the figure either. 

 
Figure 30. Comparisons of soil CH4 emissions between 2018 (soybean, no fertilizer), 2019 (corn, 

synthetic fertilizer), and 2020 (corn, biosolids) at each tower. The standard deviations of some 

data points were not shown to make the y-axis scales consistent among the figures.  
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3.3.3 Effects of DWM on Soil N2O and CH4 Fluxes 

Similar to the previous years, strong pulses of N2O emissions were only observed in the first two 

months (June and July) after planting on both the DWM and non-DWM sites in 2020 (Fig. 26). 

The N2O emissions decreased to background levels for the remainder of the year. I defined June 

5-July 31 as the post-biosolid emission pulse period (the DWM board management records 

showed that the emission pulse period was within the active board period). To evaluate the 

effects of DWM on soil GHG emissions, a one-way repeated measures ANOVA was performed 

(as described in section 3.2.6) using the mean daily fluxes during this emission pulse period. 

Only the days when all of the four towers were functioning were selected to avoid biased 

comparisons, leading to 18 daily values remained for each tower from June 8 to July 9 as the 

input of the ANOVA test. 

The boxplot of the mean daily N2O fluxes measured by each tower in the period of the statistical 

comparisons suggests that tower C has the strongest emissions of N2O (332 and 243 g N2O-N ha-

1 d-1 as the mean and median, respectively) among all of the four towers and the differences are 

statistically significant only between towers A and C and towers B and C (Fig. 31). For the mean 

daily CH4 fluxes during the same period, tower D has significantly higher CH4 fluxes compared 

to towers A and C (Fig. 32). Overall, the statistical comparisons showed that, although 

differences in N2O and CH4 emissions existed between the towers, no consistent treatment 

effects were found under the DWM condition (sites C and D) compared to the non-DWM 

condition (sites A and B). For example, in the DWM site tower C had the highest and tower D 

had the lowest N2O emissions, with towers A and B intermediate, suggesting that the effects of 

spatial heterogeneity within the study area on soil GHG emissions surpassed that of the DWM 

treatment. 
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It is worth noting that during the statistical comparisons, some sites are on average a sink 

whereas the other sites are predominantly a source for CH4. Further analysis (Table 6) shows that 

a very large proportion of the CH4 concentration gradients corresponding to the observed CH4 

fluxes are within the FG systemôs minimum detection limit (MDL). Hence, more observations on 

CH4 fluxes that are beyond the systemôs MDL are needed to demonstrate whether a site is a sink 

or source for CH4. As with N2O, no consistent significant impact of DWM was detected for CH4. 

 

 
Figure 31. Box plots of the mean daily N2O fluxes (18 daily values for each tower) measured in 

the period of June 8-July 9, 2020. Red diamonds represent means and black horizontal bars in the 

boxes represent medians. Asterisks indicate that significant differences were found between the 

two towers connected by a bracket using the one-way repeated measures ANOVA and the 

pairwise t-tests with the Bonferroni multiple testing correction for p-value adjustment (ñ*ò and 

ñ****ò represent significance levels p < 0.05 and p < 0.0001, respectively). ɖg
2 is a measure of 

effect size in ANOVA and indicates that only 5% of the variation in N2O flux can be explained 

by the variation between the towers. 
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Figure 32. Box plots of the mean daily CH4 fluxes (18 daily values for each tower) measured in 

the period of June 8-July 9, 2020. Red diamonds represent means and black horizontal bars in the 

boxes represent medians. Asterisks indicate that significant differences were found between the 

two towers connected by a bracket using the one-way repeated measures ANOVA and the 

pairwise t-tests with the Bonferroni multiple testing correction for p-value adjustment (p < 0.05). 

ɖg
2 is a measure of effect size in ANOVA and indicates that only 8% of the variation in CH4 flux 

can be explained by the variation between the towers. 

 

 

Table 6. The mean and median values of the CH4 concentration gradients corresponding to the 

CH4 fluxes used in the statistical tests and the proportion of the measured CH4 gradients that are 

within the minimum detection limit (MDL) of the instrument. For CH4, the observed minimum 

detectable gradient during the zero-gradient test was 0.213 ± 0.141 ppb. See Chapter 4 for more 

details regarding the determination of the MDL. 

 Tower A Tower B Tower C Tower D 

Mean (ppb) -0.070 0.059 0.002 0.105 

Median (ppb) -0.105 0.201 -0.046 0.055 

Within MDL 11/18 9/18 15/18 13/18 
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3.3.4 Comparisons of N2O Emission Factor between Treatments and Years 

3.3.4.1 Annual Soil N2O Emission Estimates 

Gaps of the daily N2O emissions were filled using linear interpolation for the purpose of 

simplicity. For long data gaps (> 1 month), an average of the fluxes in adjacent months was used 

to fill the missing data. Uncertainties in the daily fluxes were summed in quadrature (by taking 

the square root of the sum of the squares of the uncertainties associated with daily fluxes) and 

propagated to the cumulative annual emission estimate. A detailed comparison of different gap-

filling techniques is discussed in the subsequent chapter. Only the annual N2O emission 

estimates for 2019 and 2020 were calculated in this section (there were too few measurements in 

2018). 

The cumulative N2O fluxes indicate that the N2O-N emissions in the year (2020) of biosolids 

amendments were elevated in both the DWM and non-DWM fields compared to the year (2019) 

of synthetic fertilizer use (Table 7 and Fig. 33). However, the increase of annual flux estimate 

from 2019 to 2020 in the non-DWM field was approximately 1.8 times the increase in the DWM 

annual estimate. In other words, the difference between treatments was reduced in 2020. This 

could be ascribed to: 1) our interpolation method could lead to underestimation of the cumulative 

fluxes because there was a long period with missing data (about 2.5 months, Fig. 34) starting 

from late March to early June in 2020 due to the COVID-related shutdown of the research site 

for this period, and the underestimation might be greater for the DWM fields considering their 

wetter soil conditions; 2) the total annual precipitation in 2020 (167 cm) was 1.5 times higher 

than that in 2019 (109 cm), and this higher precipitation could contribute to higher fluxes and 

counteract the treatment effect (different underground water table depths) between DWM and 
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non-DWM during the active board periods; 3) the error terms were larger for the 2020 data and 

the non-DWM site in 2020 had the largest uncertainty. 

 

 
Figure 33. Cumulative N2O emissions (kg N2O-N ha-1) at the DWM and non-DWM sites in 2019 

and 2020. The numbers on the x-axis stand for the numbers of days after the N fertilization 

event(s). For 2019, the second fertilization event occurred on day 29. The shaded areas indicate 

uncertainties propagated from the daily fluxes to the cumulative emissions.   
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Figure 34. Daily N2O fluxes (g N2O-N ha-1 day-1) after gap-filling at the DWM and non-DWM 

sites in 2019 and 2020. Gaps of the daily N2O emissions were filled using linear interpolation for 

simplicity. For long data gaps (> 1 month), an average of the fluxes in adjacent months was used 

to fill the gaps. The maximum daily flux (963 g N2O-N ha-1 day-1) at the DWM site in 2019 and 

the maximum daily flux (2460 g N2O-N ha-1 day-1) at the non-DWM site in 2020 are not shown 

in the figures so that the y-axis scales are consistent between DWM and non-DWW for the same 

year. The numbers in the brackets next to the figure legend indicate the number of the observed 

fluxes and the number of the interpolated fluxes in the year. Black arrows denote synthetic 

fertilizer applications in 2019 and biosolids application in 2020. Notice the difference in scale on 

the y-axis between 2019 and 2020.  
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3.3.4.2 N2O Emission Factor 

The nitrous oxide emission factor (EF) was calculated by dividing annual N2O emissions, 

aggregated by treatment, by the N fertilization rate for the corn years 2019 and 2020. For 2019 

when synthetic fertilizer was used, the N fertilization rate was 213 kg N ha-1 (22 kg N ha-1 was 

knifed-in on April 25 and 191 kg N ha-1 was broadcast-applied on May 24). In the case of 2020, 

the vendor reported to the farmer applying 20-22 tons of biosolids per acre at 20-25% dry 

content, which they calculated would provide 160 lbs. N acre-1 (179 kg N ha-1) mineralizable N 

for the first year and smaller amounts mineralized in subsequent years. I generated independent 

estimates by analyzing the biosolids samples that were collected at the farm before application. I 

measured 14.9 ± 3.14% dry content and 0.059 ± 0.0067 g total N per gram dry weight in 12 

biosolid samples. Different assumptions on the N mineralization rates affect the calculated 

emission factors for the three scenarios (S1-S3) discussed below: 

S1: Use the number (179 kg mineralizable N ha-1) provided by the vendor directly as the N 

fertilization rate. 

S2: Using the average value of the measured dry content (15%) and the N concentration 

(5.9%) and assuming that the vendor was reporting US short tons, I calculated that the 

total N in the biosolid addition was 397-436 kg N ha-1 (corresponding to 20-22 tons/acre 

biosolids as reported). If a 100% N mineralization rate is assumed, the mean N 

application rate would be 417 kg N ha-1. 

S3:  The farmer explained to us that he expected 35-40% mineralization rate for the first year. 

If we assume the rate to be 40% of 417 kg N ha-1, then the N fertilization rate is 167 kg N 

ha-1, which is close to the vendorôs expectation of around 179 kg N ha-1 as the amount of 

the first-year mineralized N. 



 

 

84 

 

Although a 100% N mineralization rate is not realistic, using the total amount of N in the 

biosolids addition as the N fertilization rate provides a lower bracket estimate for the EF in each 

situation. Besides, the water content at the time of sampling was likely affected by rain in the 

previous few days, which could contribute to difference in dry content percentage between the 

vendorôs estimate and our own measurements. The scenario analyses using different N 

application rates yield an uncertainty range for the EF on this farm. 

In 2019, the N2O EFs of the DWM and non-DWM sites were 2.5% and 1.0%, respectively 

(Table 7). The EF calculations used the flux data aggregated by treatment, so the unusually low 

EF of the non-DWM site can be ascribed to the unusually low N2O emissions at tower A. The 

default value of the updated Tier 1 EF in the current IPCC guidelines is 1.6% (uncertainty range 

1.3-1.9%) for synthetic fertilizer inputs in wet climates with greater than 1000 mm annual 

precipitation (Hergoualcôh et al., 2021; IPCC, 2019). Our N2O EF estimates are a little lower 

than the lower bound of the IPCC Tier 1 EF at non-DWM and slightly higher than the upper 

bound at DWM. However, background N2O emissions from an unfertilized agricultural site were 

not taken into account in our calculation. Subtracting an annual estimate of background 

emissions from the annual emissions of 2019 would result in smaller N2O EFs for both the 

DWM and non-DWM sites. 

Based on the aforementioned scenario analyses, the uncertainty ranges of the N2O EF at the 

DWM and non-DWM sites in 2020 were 2.1-5.2% and 1.9-4.8%, respectively (Table 7). The 

most likely N2O EFs according to the amounts of the first-year mineralized N provided by the 

vendor (scenario 1) and estimated by our biosolid analyses (scenario 3) are 4.8-5.2% and 4.5-

4.8% for the DWM and non-DWM sites, respectively, without corrections for background N2O 

emissions from an unfertilized site. The estimated N2O EFs could be lower if more than 40% of 
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the N in the biosolids was mineralized in the first year after the application, given a lower bound 

of approximately 2% estimated in scenario 2. The 2020 N2O EF is only slightly higher at the 

DWM site than at the non-DWM site. An N2O EF in an agricultural setting is impacted by both 

environmental factors (such as soil type and climate) and management-related factors (such as N 

application rate and fertilizer type). The ranges of the N2O EF obtained for 2020 suggest that the 

biosolids application intensified soil N2O emissions on this farm, when being compared to the 

N2O EF of 2019 and the IPCC Tier 1 EF for synthetic fertilizer applications. 

 

Table 7. Summary of cumulative annual N2O emissions and emission factor (EF) at the 

controlled drainage (DWM) and free drainage (non-DWM) sites in 2019 and 2020. The error 

terms in annual emission estimates were uncertainties in the daily fluxes summed in quadrature 

and propagated to the cumulative emissions. Scenarios (S1-S3) correspond to the scenario 

analyses in section 3.3.4.2 for the N fertilization rate in 2020. 

 
Annual N2O Emissions 

(kg N ha-1 yr-1) N input 

(kg N ha-1) 

Emission Factor (%) 

Year DWM Non-DWM DWM Non-DWM 

2019 5.32 ± 0.77 2.09 ± 0.42 213 2.50 ± 0.36 0.98 ± 0.20 

2020 8.62 ± 1.42 7.99 ± 2.36    

S1: vendorôs estimate 179 4.82 ± 0.79 4.46 ± 1.32 

S2: 15% dry matter and 100% 

mineralization rate 
417 2.07 ± 0.34 1.92 ± 0.57 

S3: 15% dry matter and 40% 

mineralization rate 
167 5.16 ± 0.85 4.78 ± 1.41 
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3.4 Discussion 

3.4.1 Factors Controlling Soil N2O Emissions 

The interannual comparisons for soil GHG flux measurements and N2O emission factors 

indicated that the biosolids addition intensified the soil emissions of N2O compared to synthetic 

fertilizer. The relationship between high soil N2O emissions and high soil nitrate concentrations 

due to the application of biosolids measured in the same year (2020) also demonstrated that soil 

nitrate concentration was one of the major controlling factors for soil production and emission of 

N2O. Moreover, the analysis of the 12 dry biosolid samples collected before application in 2020 

showed a C:N ratio of 6.54 ± 0.44%, which is considerably lower than the C:N ratio of 11.8 ± 

0.5% in the top 5 cm of soil at this farm (Hagedorn et al., 2022). The low C:N ratio in the 

biosolids meant that there was little C to promote N immobilization, so the mineralized N was 

quickly nitrified to nitrate and supported N2O production (Jones et al., 2007). Other studies also 

showed that N2O emission was negatively correlated to the C:N ratio of organic amendments. De 

Rosa et al. (2016) found that the treatment plots receiving raw chicken manure with a C:N ratio 

of 3.3 showed significantly higher N2O emissions than the plots receiving composted manure 

with a C:N ratio of 12. Both Roman-Perez et al. (2021) and Obi-Njoku et al. (2022) reported that 

soil amended by mesophilic anaerobically digested biosolids emitted more N2O than soil 

amended by composted and alkaline-stabilized biosolids. The C:N ratios of these three types of 

biosolids were 6.7, 12.4, and 15.7 in Roman-Perez et al. (2021) and 4.7, 19.8, and 20.9 in Obi-

Njoku et al. (2022), respectively. With such wide ranges of C:N ratios in organic soil amendment 

it is not surprising that emissions and EFs also vary widely. 

The wetter weather and soil conditions in 2020 may have contributed to the higher N2O 

emissions as well. The total annual precipitation in 2020 (167 cm) was 1.5 times higher than that 
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in 2019 (109 cm). The soil moisture at 5 cm depth ranged from 0.14 to 0.35 m3 m-3 with a 

median of 0.22 m3 m-3 and from 0.15 to 0.39 m3 m-3 with a median of 0.23 m3 m-3 during the 

post-fertilization emission pulse periods in 2019 and 2020, respectively. The higher upper limit 

and median of soil moisture in 2020 reflected generally wetter soil conditions as a result of 

heavier precipitation.  

In addition, higher N2O emissions in 2020 could also partially be attributed to field tillage that 

occurred along with biosolids application, which is necessary to incorporate the biosolids into the 

soil. Past studies show elevated N2O emissions in tilled fields compared to untilled fields 

(Cowan et al., 2016; Kumar et al., 2014; Wagner-riddle et al., 2007; Waldo et al., 2019). One 

possible explanation is that large quantities of crop residues ploughed into the soils provide an 

additional source of organic nitrogen for mineralization and release more readily available 

carbon, which would provide more substrates for the subsequent denitrification process (Cowan 

et al., 2016). Another explanation is that tillage creates more pathways for quick diffusion of 

N2O from the soil to the atmosphere. Separating the N addition and tillage effect is somewhat 

academic given that they always go together as a biosolids treatment protocol. 

Overall, the post-biosolid intensification of soil N2O emissions could be the coupled effect of 

field tillage, increased nitrogen input, and wetter weather/soil conditions, which is generally in 

line with the major findings in the previous chapter. However, the large difference in soil 

extractable nitrate between years (Fig. 25a) may be the dominant driver considering the 

difference in soil moisture is relatively small. 

3.4.2 Impacts of DWM and Biosolid Application on CH4 Fluxes 

When DWM is in effect and the water table is maintained closer to the surface, CH4 fluxes could 

be produced by methanogenesis due to increased anoxic conditions. Studies have shown peaked 
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CH4 emissions in flooded rice paddies and depressed CH4 emissions when the fields were 

aerated or drained (Z. Cai et al., 1997; Tyagi et al., 2010). Methane emissions have also been 

reported for other agricultural systems with a variety of tillage and fertility regimes (Chan & 

Parkin, 2001; Mosier et al., 2006). However, the flux gradient measurements in this study 

showed no consistent significant impact of DWM on promoting production and emission of CH4 

under three fertilization regimes (no fertilizer vs. UAN vs. biosolid) (Fig. 30). Even when carbon 

was readily available from the biosolids application in 2020, the DWM did not appear to make a 

large enough difference in soil moisture to provoke methanogenesis. The difference in this 

conclusion compared to Chapter 2 is that in this case there was a lot of carbon in available form 

to boost microbial respiration that could exhaust oxygen and promote methanogenesis. However, 

the biosolids application is broadcast on the soil surface and, in this case, apparently the surface 

soils did not become sufficiently anaerobic to promote methanogenesis. 

3.4.3 Comparison with N2O Emission Factors in Similar Studies 

The estimated annual N2O EF for biosolids addition is 4.5-5.2%, given a first-year mineralization 

rate of 40%, which is about 8 times the default value of the updated Tier 1 EF (0.6% with an 

uncertainty range 0.1-1.1%) in the current IPCC guidelines for organic amendments, animal 

manures, and other N input in wet climates (IPCC, 2019). However, this high EF estimate is not 

unusual. Jones et al. (2007) reported an annual N2O EF of 4.3 ± 0.5% when sewage sludge 

pellets were applied to a temperate grassland in Scotland. The highest N2O flux that they 

measured (3.49 kg N2O-N ha-1 day-1) is also associated with the sewage sludge treatment and 

comparable to the peak value that I observed (2.46 kg N2O-N ha-1 day-1). The authors attributed 

the high N2O losses to several factors including a high total N input, a cumulative residual effect, 

stimulated denitrification due to the addition of organic C, and a priming effect, all of which are 
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relevant to the present study. A recent study (Obi-Njoku et al., 2022) in Quebec, Canada found 

that treatment plots receiving digested biosolids and/or urea emitted more N2O during the corn 

growing season than treatments receiving composted biosolids, alkaline-stabilized biosolids, 

urea, and combinations of these. The N2O EFs for treatments receiving digested biosolids only 

were 4.9 ± 3.7% in the first year of the study and 9.7 ± 4.3% in the second year and for 

treatments receiving digested biosolids and urea were 4.5 ± 2.5% in the first year and 4.6 ± 2.9% 

in the second year, which are similar to our EF estimate for the biosolids application. The authors 

emphasized the contributions of lower C:N ratio and lower dry matter in the digested biosolids, 

in comparison with the alkaline-stabilized and composted biosolids, to the higher N2O emissions. 

In contrast to the large N2O EFs discussed above, some studies reported small N2O EFs from 

organically amended soils that were comparable to the Tier 1 EF in the IPCC guidelines. Roman-

Perez et al. (2021) found that annual N2O EFs from soils amended with three different types of 

biosolids and granular urea ranged from 0.12-1.33% in Central Alberta, Canada. Similarly, a 

meta-analysis performed by (Charles et al., 2017) on the global scale reviewing N2O EF of soils 

receiving organic amendments yielded a global average of  0.57 ± 0.30% for all organic sources. 

In addition, the authors classified the organic amendments into low-, medium-, and high-risk 

groups based on their characteristics (i.e., water content, C:N ratio, and mineral N content). 

Biosolid belongs to the high-risk group (higher water content, lower C:N ratio, and higher 

mineral N content), which had a N2O EF of 1.21 ± 0.14%. The low- and medium-risk groups 

contained more stabilized products with higher C:N ratio and higher dry matter content and had 

N2O EFs of 0.02 ± 0.13% and 0.35 ± 0.13%, respectively. The N2O EF of an organic amendment 

is influenced by many factors such as the organic amendmentôs composition, soil characteristics 

and climate conditions. As a result, it may vary over a wide range. However, the inconsistency in 
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N2O EF of organic amendments indicates that the use of a universal EF (such as the IPCC Tier 1 

N2O EF for organic amendments) might underestimate or overestimate soil N2O emissions 

depending on the type of organic amendment used and the soil and weather conditions of the 

area and highlights the need for an algorithm that calculates N2O EF based on C:N ratio of 

organic amendments, soil properties, and climate conditions, and other factors. 

 

3.5 Conclusion 

Our flux gradient measurements of N2O and CH4 emissions after biosolids addition is, to our 

knowledge, the first study that employs a micrometeorological method to evaluate the impacts of 

DWM and biosolids application on soil GHG emissions concurrently. Following the addition of 

biosolids, N2O emissions were intensified compared to the previous years because of high nitrate 

concentrations in the post-biosolid soil and large amounts of rain but CH4 emissions did not 

show distinct differences. Statistical tests showed that although differences existed between 

towers, no significant treatment effect of DWM was found for N2O or CH4. The test results align 

with the findings of Chapter 2 and reinforce that DWM can be used as an effective best 

management practice to reduce hydrologic nitrate export from croplands without major concerns 

of significant pollution swapping of elevated soil GHG emissions. Our estimate of N2O EF of the 

biosolid-amended soil is considerably higher than the IPCC Tier 1 N2O EF for organic 

amendments, indicating that variation in properties of organic amendments, such as C:N ratio, 

may need to be considered to derive improved estimates of EFs. Our research provides a more 

accurate quantification of soil GHG emissions under the conditions of this farm in Eastern 

Maryland compared to the estimates using the IPCC Tier 1 N2O EF and emphasizes that more 

similar efforts are needed to provide a better basis for estimating EFs for organic amendments. 
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Chapter 4: Addressing Concerns about the Flux Gradient Technique and 

Comparing Two Common Gap Filling Methods for N2O Fluxes from 

Agricultural Soils 
 

 

Abstract 

The advantage of the flux gradient (FG) method is that it allows near-continuous measurements 

of soil trace gas fluxes at multiple plots with a single laser instrument at a fine temporal 

resolution without disturbing the microclimate between soils and the atmosphere. However, 

whether this advantage could possibly be outweighed by any concerns associated with the 

micrometeorological method requires further consideration. In this chapter, four potential 

concerns related to the FG method were considered: (1) the minimum resolvable N2O/CH4 

concentration gradient; (2) towersô flux footprint overlap/contamination; (3) the validity of the 

aerodynamic method to calculate the eddy diffusivity coefficient; and (4) the choice of the gap-

filling techniques for N2O flux data. To summarize the conclusions: (1) the minimum detectable 

half-hourly N2O and CH4 gradients were quantified theoretically and experimentally; (2) the 

footprint climatology analysis showed that at least 90% of the observed N2O and CH4 fluxes 

were generated in the experimental plots and there was no footprint overlap between the 80% 

flux contribution area of the FG towers; (3) the broad agreement for CO2 fluxes between the FG 

and eddy covariance (EC) methods suggests that the FG method is generally reliable; (4) in this 

case the artificial neural networks (ANN) did not exhibit improved performance in estimation for 

the missing N2O flux values compared to the linear interpolation method and thus using the latter 

for N2O data gap-filling  was adequate. These conclusions confer confidence that the FG method 

can be applied simultaneously to multiple plots for N2O and CH4 flux measurements. 
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4.1 The Minimum Detectable Concentration Gradient for N2O/CH4 

4.1.1 Introduction 

The flux gradient (FG) method enables the integration of high temporal and spatial resolution 

measurements of soil-atmosphere N2O and CH4 exchanges by continuously measuring the 

difference in concentration of N2O and CH4 at two heights on multiple towers (which is also 

known as trace gas gradient measurements) at a frequency of 1Hz using a sensitive and fast-

response quantum cascade laser (QCL) trace gas monitor (Aerodyne Research Inc., MA, 

U.S.A.). The concentration gradients between the two heights are averaged over an interval of 30 

minutes, which is the designed sampling period for each tower in the four-tower rotation scheme, 

and then combined with the micrometeorological data collected every half hour at each tower 

with a sonic anemometer to calculate the half-hourly N2O and CH4 fluxes. Rapid development of 

laser spectroscopic techniques in the modern age has greatly improved the sensitivity to reliably 

measure small concentration gradients, but every instrument has its detection limit. To find out 

what the minimum detectable flux of the FG method is, a key question is: what is the minimum 

resolvable half-hourly averaged N2O/CH4 concentration gradient using the QCL? This concern 

needs to be addressed before flux measurement results can be delivered with confidence. 

4.1.2 Methods 

A zero-gradient test was performed from July 7 to July 10 in 2020 to investigate the minimum 

detectable N2O/CH4 concentration gradient by co-locating the upper and lower sampling inlets at 

the same height on a single tower. Zero-gradient tests have been commonly used in other studies 

to quantify any bias in the flux gradient measurement (Waldo et al., 2019; Zhang et al., 2015). 

The zero-gradient test eliminated the possibility that the difference in concentration resulted from 

the actual height difference between the upper and lower inlets, and as a result, the only cause of 
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the concentration difference was the noise of the whole measurement system. Therefore, the 

absolute values of the half-hourly concentration differences between the two inlets during this 

test period were averaged to calculate the minimum detectable N2O/CH4 concentration gradient. 

Any gradient that was smaller than this threshold was considered as the gradient measurement 

noise of the laser instrument as implemented in the measurement system. 

In addition, the mean of the gradients calculated for the zero-gradient test was compared to the 

theoretical minimum detection limit (MDL) defined by Pattey et al. (2006): 

ЎὛ
Ὄ

ὲ
„ ρ 

where æSmin is the resolution of the sampled gradient, H is the number of sampling heights (H = 

2 in a two-level gradient sampling system), „S is the random instrument noise over a specified 

integration period2 (for the Aerodyne QCL, „S is 0.06 ppb on a 1-s basis for N2O and 0.30 ppb 

on a 1-s basis for CH4 according to the manufacturerôs specifications), and n is the number of 

samples taken at each level over the sampling period (on average, n = 622 independent 

measurements per height over the half-hour sampling period after data filtering and removal).  

4.1.3 Results and Discussion 

Figure 35 shows a time series of half-hourly gradient measurements of N2O/CH4 in the growing 

season, encompassing the zero-gradient test from July 7 18:00 to July 10 16:00. During the test, 

the observed 30-min gradients were several orders of magnitudes smaller than that in the post-

test measurements when the upper and lower inlets were restored to the original heights. The 

 
2 Here I used the manufacturer specified instrument precision @ 1270 cm-1 to represent the random 

instrument noise of the QCL. 



 

 

94 

 

elimination of larger gradients introduced by the actual height difference between the inlets 

demonstrates that the zero-gradient test succeeded. 

By taking the mean of the absolute values of the 140 independent half-hourly concentration 

gradient measurements, the minimum detectable gradients between the inlets for the 30-min 

average were 0.042 ± 0.033 ppb for N2O and 0.213 ± 0.141 ppb for CH4 (Fig. 36 and Table 8). 

This five-fold higher minimum detection limit for CH4 is consistent with the manufacturerôs 

specifications of the Aerodyne QCL, which indicate that the precisions of N2O and CH4 mixing 

ratio measurements are 60 and 300 ppt, respectively on a 1-s basis and 20 and 100 ppt, 

respectively on a 100-s basis; namely, the instrument noise of CH4 measurements is 5 times that 

of N2O measurements for the QCL.  

Using Patteyôs equation, the theoretical MDL for the 30-min averaged gradient were 0.014 ppb 

for N2O and 0.031 ppb for CH4, which are 3 and 7 times lower, respectively, than the measured 

zero gradient estimates. This difference probably reflects the fact that the half-hourly zero 

gradient measurements may include several sources of variation in the whole measurement 

system in addition to the QCL instrument noise, such as possible variation in pump speed, air 

pressure, and other unknown measurement system noise. In addition, the theoretical MDL for 

CH4 by Patteyôs equation is only 2.2 times higher than for N2O compared to a five-fold 

difference from the zero gradient measurement tests. This difference is due to the square-root 

transformation in the calculation process of the theoretical MDL, as the square root of 5 is 

approximately 2.2 (see Eq. 1). 
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Figure 35. The zero-gradient test was performed from July 7 18:00 to July 10 16:00 (local time), 

when the upper and lower sampling inlets were mounted at the same height. The concentration 

gradients here were calculated as the concentration at the lower inlet minus the concentration at 

the upper inlet. 
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Figure 36. Box plots of the absolute values of the 30-min concentration gradients during the 

zero-gradient test. The red diamond in each figure represents the mean and the black horizontal 

bar inside the box represents the median of the data. The lower edge of the box represents the 

first quartile (25%) and the upper edge represents the third quartile (75%) of the data. The ends 

of the whiskers show the minimum and the maximum without counting outliers (open circles).   

 

 

 

 

Table 8. Summary of the minimum detectable concentration gradients determined by the zero-

gradient test and the theoretical minimum detection limit (MDL) equation (S.D.: standard 

deviation; N: the number of half-hourly measurements during the test). 

 N2O gradient (ppb) CH4 gradient (ppb) 

Zero-gradient test  

(N = 140) 

Median Mean ± S.D. Median Mean ± S.D. 

0.035 0.042 ± 0.033 0.188 0.213 ± 0.141 

Theoretical MDL 0.014 0.031 
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4.1.4 Conclusion 

In this section, the zero-gradient test has been demonstrated as an effective method to quantify 

the instrument noise in the concentration gradient measurements. The Pattey et al. (2006) 

equation enables us to calculate the theoretical MDLs for the concentration gradients of N2O and 

CH4 with the QCL under ideal conditions, while the zero-gradient test provides the best 

estimates of the MDLs for field measurement of the trace gas gradients because in addition to the 

QCL instrument noise, other parts of the sampling system may introduce some unknown 

measurement noise. In short, the question concerning the minimum detectable half-hourly N2O 

and CH4 gradients has been addressed theoretically and experimentally. The observed minimum 

detectable gradient using the zero-gradient test combined with the micrometeorological data 

collected every 30-min were used to calculate the minimum resolvable half-hourly N2O and CH4 

fluxes under varying micrometeorological conditions3 in Chapter 2 and 3.  

  

 
3 Because the flux resolution of the flux gradient system depends not only on the instrument noise but also 

on the atmospheric conditions and the inlet separation (Pattey et al. 2006), it varies over time in a time 

series of flux measurements. To calculate the minimum resolvable 30-min flux of N2O/CH4, replace the 

concentration gradient term (æC) in Eq. [1] of Chapter 2 with the MDL for N2O/CH4 gradients. 
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4.2 Flux Footprint Analysis 

4.2.1 Introduction 

The flux gradient (FG) method allows near-continuous, year-round integrated measurements of 

N2O and CH4 emissions from soils across spatial heterogeneity within a field and across 

temporal variation such as diel cycles, rainfall, and fertilization events, and seasonal and inter-

annual variation. However, as a tower-based micrometeorological method, some concerns need 

to be resolved before field measurements can be conducted with confidence, and flux footprint is 

one of them. The Flux footprint is defined as the upwind area that is sampled by the flux sensor 

when measuring turbulent flux. It describes the relative contribution of surface sources to the 

measured vertical flux (Horst & Weil, 1994; Schmid, 2002; Schuepp et al., 1990) and varies 

greatly with wind direction, atmospheric stability, surface roughness, and sensor observation 

height (Lee, 2018). In this study, the FG method was chosen for multi-plot sampling and flux 

towers that were erected in the two control and two treatment plots. To avoid footprint 

contamination between two adjacent flux towers or between the towers and other external 

structures, two important criteria must be met. First, each tower should have enough upwind 

fetch area to ensure that a large proportion of the observed N2O and CH4 fluxes originate from 

within each experiment plot. If the footprint extends far beyond the corn/soybean field, for 

example, to the unpaved/paved roads, the observed flux will no longer represent the true surface-

air exchange of the corn/soybean ecosystem (Lee, 2018). Second, the flux towers should be 

properly placed in the experimental plots to guarantee that a towerôs footprint is dominated by 

only one plot and only one drainage control structure treatment. In other words, for each of the 

four flux towers to be independent measurements, the footprints should not have much overlap, 

especially between the treatment plots and the control plots. Thus, footprint calculation is an 
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indispensable part of post-field data analysis to ensure observations satisfy the preset footprint 

criteria. 

4.2.2 Methods 

The model used to investigate the flux tower footprint for each 30-min FG measurement was 

developed by Kljun et al. (2015) and has been widely used by other researchers (Waldo et al., 

2019; Zhao et al., 2019). The model provides a two-dimensional flux footprint prediction 

including not only the extent but also the width and shape of footprint estimates and is valid for a 

wide range of atmospheric boundary layer conditions and measurement heights (Kljun et al., 

2015). For each 30-min FG measurement, a footprint was calculated. All footprints for the half-

hourly time series data were aggregated to a footprint climatology characteristic of a one-month 

period. Input data needed for this model include measurement/receptor height, the Obukhov 

length, the standard deviation of lateral velocity fluctuations, friction velocity, planetary 

boundary layer height, roughness length, displacement height, and wind direction. The Obukhov 

length, the standard deviation of the crosswind component, and friction velocity were measured 

by the sonic anemometer on each tower. The displacement height and roughness length were 

assumed as 2/3 and 1/10 of the canopy height, respectively. Wind direction data were collected 

by a wind monitor (R. M. Young Company, Michigan, USA) on a 3.5 m meteorological tower 

located next to the experimental field. Planetary boundary layer height data were downloaded 

from the fifth-generation reanalyzed ERA5 hourly data on single levels by the European Center 

for Medium-Range Weather Forecasts (https://cds.climate.copernicus.eu/). The extracted sub-

region was 39.12° N, 75.81° W, 39.11° N, and 75.80° W. Unlike the eddy covariance method, 

the gas concentration measurements using the FG method were made at two heights rather than a 

single height. Horst (1999) found that the footprint associated with vertical concentration 

https://cds.climate.copernicus.eu/
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gradient flux estimates was similar to the footprint for eddy covariance flux measurements, only 

when the eddy covariance measurements were made at a height equal to the geometric mean of 

the highest and lowest profile measurement heights for unstable atmospheric condition or the 

arithmetic mean for stable atmospheric condition. Therefore, in this study, the geometric mean of 

the heights of the upper and lower intakes was used as the measurement height under unstable 

stratification and the arithmetic mean was used as the measurement height under stable/neutral 

stratification, although these two numbers were very close.  

4.2.3 Results and Discussion 

The flux footprint climatology was established only for the period when significant emissions 

were observed. Following planting of soybean in June 2018, noticeable N2O fluxes were 

measured during the month of July, until the malfunction of the main instrument. In 2019, 

significant N2O emissions were observed in May and June following the planting of corn and the 

application of fertilizer. In 2020, strong N2O emissions were also observed in June and July after 

the planting of corn and the application of biosolids. 

4.2.3.1 Footprint Climatology4 

The wind rose located in the top left corner of each satellite map shows the general wind speed, 

wind direction, and how often the wind blew from that direction for each one-month FG 

measurement period. For example, the wind rose inset in Fig.37b shows that the prevailing wind 

was from the east and the southwest for the month of May in 2019, which explains why the 

towerôs aggregated footprint for the month, shown with contour lines, extended further in those 

two directions. The boundary of the 90% contour of the flux footprint was still far away from the 

 
4 The footprint climatology of tower A is used here as an example. Figures related to other three towers 

can be found in the appendices at the end of this dissertation. 
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paved road, which addresses the concern about the upwind fetch area and ensures at least 90% of 

the observed fluxes originated from the experimental plots. Sometimes, tower Aôs footprint 

possibly overlapped with tower Bôs footprint (Fig.37b), but considering that these replicate plots 

were under the same water table management practices and the 80% of the footprint boundary 

encompassed a much smaller amount of area, this minor footprint overlap appears acceptable. In 

addition, the comparison of the flux footprint between May and June in 2019 (or June and July in 

2020) shows that the footprint shrank when the crop grew taller. The smaller footprints were due 

to the fact that, although the lower and upper inlet tubes for concentration gradient measurements 

were raised as the canopy height increased, they were not raised in proportion to the increased 

height of the corn canopy. A smaller distance between the lower inlet and the top of the canopy 

results in a smaller calculated footprint. Unfortunately, the height of the pivot irrigation system 

on the farm prevented raising the inlets as high as would have been needed for maintaining a 

constant ratio between the measurement height and the height of the canopy.  

All of the FG towersô footprint climatologies by month are overlain onto the same satellite image 

of the research site to better elucidate the question of whether a flux tower had footprint overlap 

with its neighbor (Fig. 38). The outermost contour and the second outermost contour depict the 

extent of 90% and 80% of the source area of the measured flux for each tower, respectively. The 

towersô footprints differed slightly in shape because data gaps existed at different times 

throughout the month for different towers. With the exception of a small amount of footprint 

overlap between plots C and D, which were also under the same DWM practices, these 

integrated footprint maps demonstrate that the placement of the flux towers satisfied the 

aforementioned criteria. 
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