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Introduction 

Since the beginning of industrial age, human activities related to fossil fuel extraction 

and use, biomass burning and land use change have increased the globally averaged 

atmospheric carbon dioxide (CO2) and methane (CH4) concentration. Despite  the 

smaller atmospheric concentration and the shorter atmospheric lifetime respect to CO2, 

increasing CH4 concentration in the atmosphere could have a substantial impact on the 

climate due its global warming potential that has been estimated 30 times larger than 

CO2.  

 

Figure 1 Globally-averaged monthly mean atmospheric methane mixing ratio 

Last IPCC estimates has shown that together CO2 and CH4 account for more than 93% 

of the increase of radiative forcing by anthropogenic greenhouse gases. CH4 is emitted 

naturally by wetlands, wildfires, grassland, coal beds and lake. The human 

anthropogenic sources of CH4 emissions include municipal solid waste landfills, rice 

paddies, coal mining, oil and gas drilling and processing, cattle ranching, manure 

management, agricultural products and wastewater treatment. CH4 concentration in the 

atmosphere remained stable for thousands of year before it began to rise in 19th 
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century. Globally averaged CH4 surface concentrations have risen from  722 ± 25 ppb 

in 1750 to 1803 ± 2 ppb by 2011, over that time scale the rise is due predominantly to 

changes in anthropogenic-related CH4 emissions [1].  Human activities associated with 

the agricultural and the energy sectors are the main sources of anthropogenic methane 

through enteric fermentation of livestock (17%), rice cultivation (7%), for the former, 

and coal mining (7%), oil and gas exploitation (12%), and waste management (11%), 

for the latter. On the other hand, natural sources of methane include wetlands (34 %), 

termites (4%), methane hydrates and ocean (3%) along with biomass burning (4%), a 

source of atmospheric methane that is both natural and anthropogenic [2],[3]. Methane 

is depleted at the surface by consumption by soil bacteria, in the marine boundary layer 

by reaction with chlorine atoms, in the troposphere by oxidation with the hydroxyl 

radical (OH), and in the stratosphere by reaction with chlorine atoms, O(1D), OH, and 

by photodissociation [4]. Due to its sinks, methane has important chemical impacts on 

the atmospheric composition. In the troposphere, oxidation of methane is a major 

regulator of OH [5] and is a source of hydrogen and of tropospheric ozone precursors 

such as formaldehyde and carbon monoxide [6]. In the stratosphere, methane plays a 

central role as a sink for chlorine atoms and as a source of stratospheric water vapour, 

an important driver of decadal global surface climate change [7]. Given its atmospheric 

lifetime, and its impact on radiative forcing and on atmospheric chemistry, methane is 

one of the primary targets for regulation of greenhouse gas emissions and climate 

change mitigation. 

Several attempts and methodologies have been implemented and tested for the 

retrieval of CH4 emissions from different environments. Flux measurements from 

enclosure techniques [8] consist in monitoring the increase in concentration of the 

target gas inside chambers placed in different locations. This technique has the big 

advantage that almost any terrestrial environment is suitable for being sampled, but it 

also presents some limitations: both temporally (discontinuous monitoring times, 

typically lasting from minutes to hours) and in terms of spatial coverage (0.5-1 m2 

surface covered by the enclosure), therefore they may not be fully representative of the 

whole study area. For example landfills are characterized by a large spatial 

heterogeneity in surface fluxes; CH4 may escape directly into the atmosphere through 

cracks and broken pipes, causing large uncertainties in the flux estimates, even if based 
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on a large number of single measurements, as some emission pathways may remain 

undetected [9].  

The Atmospheric Tracer Method (ATM) can be used to circumvent spatial 

heterogeneity by releasing a tracer gas from the emitting surface. This method is based 

on the assumption that a tracer gas released at a methane emission source will disperse 

in the atmosphere in the same way as the emitted methane. Assuming the air is well 

mixed, the methane emission rate can be calculated as a function of the ratio of the 

downwind measurements of methane and tracer gas concentrations. This method 

allows the integration of the fluxes in the whole domain, and is generally used in 

situations with no interfering or patchy sources [10].  

Atmospheric dispersion models are considered useful tools to determine the emission 

strength of area sources. They can be coupled with point measurements and employed 

in forward or backward configuration to respectively validate the estimated emission 

or to derive source-receptor relationship [11]. After measuring the source strength, a 

Lagrangian dispersion model can be used to simulate the dispersion and the transport 

of particles in forward mode by knowing meteorological and turbulent information 

[12]. 

Eddy covariance (EC) is a well-established micrometeorological method for any trace 

gas net flux calculation, based on the covariance between vertical wind speed and gas 

concentration. This technique requires fast measurements of wind speed and gas 

concentration, typically 10 Hz, and fluxes are generally calculated at half-hour 

resolution. EC is preferable to enclosure techniques because it spatially integrates 

fluxes over larger areas corresponding to the footprint of the incoming turbulent 

atmospheric flow, and can provide a continuous time-series of emission 

measurements. For these reasons, EC would provide a means to greatly improve our 

understanding of the processes controlling greenhouse gas emissions in complex 

environments such as landfills [13][14]. However, the hypotheses for the application 

of EC may be quite constraining for sampling over landfills. EC results may be 

compromised e.g. by the complex orography of the study area, affecting the extension 

of the fetch, by the patchiness of the sources within the fetch, and by the low turbulent 

mixing in conditions of atmospheric stability.  
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Alternative techniques like the mass balance approach are often used to estimate the 

emissions from large area sources, e.g.cities or oil sands. A great number of studies 

reported different methods for the application of mass balance technique based on 

airborne measurements: estimated CH4 and CO2 emissions from the city of 

Indianapolis has been obtained by flying long horizontal transects at different heights 

perpendicular to the wind direction downwind of the city [15][16]. Emissions are 

calculated using wind speed and the difference between gas concentration measured 

in the plume and background concentration. Another approach is the so called “box 

method”, that is accomplished by flying a circle or a polygon around the emission 

source and repeating the pattern at different heights, in such a way that the mixing ratio 

of the species of interest can be interpolated between multiple heights to reconstruct a 

two-dimensional screen surrounding the emission area. Air pollutants emission rate 

over Alberta oil sands operations [17] has been inferred by flying a square at multiple 

heights surrounding the emission area. Emissions were then calculated by applying the 

divergence theorem in the control volume generated by the flight path. CO2 emissions 

from Rome have been evaluated by flying circles around the city at three different 

heights and applying the mass conservation equation at the box edge surfaces and top 

surface [18]. A new airborne method to identify and quantify trace gas emissions has 

been deployed by performing an aircraft route pattern that generate a virtual cylinder 

around the source, and using Reynolds decomposition for the scalar concentrations, 

along with Gauss’s theorem to estimate the flux divergence through that cylinder [19]. 

This method accounted for the turbulent dispersion of the smaller scale plumes, which 

are generally ignored in the average mass balance approach.  

In this work an estimation of anthropogenic CH4 emission from the Campania region 

is presented by studying two different anthropic ecosystems that can be considered 

most relevant sources for the whole regional territory: landfills, which account for a 

percentage of about 45% of the total regional emission, and agricultural (crops and 

livestock activities) which account for a percentage of about 35% [20].  

Campania region has been characterized since the 1980s by a reckless waste 

management that led to several waste crisis especially between the provinces of Naples 

and Caserta. The countryside of this area is well known in the media: urban waste 

combined with industrial toxic waste have been dumped and spilled in old quarries or 
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buried without any control or safety measure. This led to a patchy presence of waste 

and associated biogas sources, with several emitting hot spots on heterogeneous 

landscape. Several authorized site for the waste storage, equipped with pipes and tubes 

for the biogas recovery, has been destroyed by arsons causing release of additional 

contaminants into the atmosphere and posing serious health risk to citizens [21]. 

Despite several environmental issue associated with waste pollution events, 

agriculture is playing a very important role in regional CH4 emissions, as it isone of 

the main sectors for the economic development of the region. Just the production of 

buffalo mozzarella, the typical cheese originating from this region, is providing a 

major economic activity, counting around 300k heads (in 2019) farmed regionally. 

Water buffalo farms are spread through the whole regional territory especially 

concentrated in two provinces, Caserta (near Naples), and Salerno, in the Southern part 

of the region. The dairy industry connected with the production of typical products 

thus need to be sustained by hundreds of farm providing huge CH4 release from 

animals through enteric fermentation. Moreover, the slurry produced from farms is 

widely used as fertilizer in the fertile volcanic lands at the foothills of Mount Vesuvius 

and in the Sele Plain, producing CH4 emission both during the stocking phase and in 

the fertilization processes. 

In this work two different approaches were deployed for the retrievals of CH4 fluxes. 

Landfills emissions are characterized by large heterogeneity, with several hot-spots 

emitting with different magnitude and spread over the whole landfills domain. In this 

context, point measurements cannot provide  a reliable picture of the emission field 

and also the footprint of EC measurements cannot be considered representative for the 

whole study domain. Aircraft measurements could be considered a powerful 

instrument to overcome this issue, covering the entire study domain. For this purpose 

a novel biogas payload for airborne CH4 measurements has been developed and it is 

described in Chapter 1. In chapter 2 has shown how airborne measurements could be 

a useful tool for the parameterization of meteorological and dispersion models at 

local/regional scale. These inputs are of fundamental importance for the reproduction 

of meteorological conditions and pollution patterns in complex orography as the 

urbanized coast of Campania region. The mass balance approach combined with 

Gaussian dispersion model (described in Chapter 3) is recognized as a suitable 
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approach to infer landfills emission from airborne measurements and to make an 

apportionment between different sources. 

On the other hand, GHGs emissions from agricultural field, generally show a uniform 

emission pattern and EC technique (described in Chapter 1) could provide a reliable 

estimates of the emissions. The proximity of the measurements site with a water 

buffalo farm allowed also the investigations of CH4 enteric emissions using 

measurements coupled with Lagrangian simulation (Chapter 4).  

 Specific objectives of this work are focussed on the evaluation of such CH4 sources 

through measurements and modelling, from local to regional scale, as listed below: 

Landfill Source 

 Testing of a parameterization of meteorological and chemical dispersion 

models at a regional scale using aircraft observations (Chapter 2) 

 The experimental development of an airborne biogas payload for the Sky 

Arrow ERA aircraft and measurements over the landfill environment (Chapter 

3) 

 The development and application of an airborne mass balance algorithm to 

provide an emission apportionment between different landfills closely located 

among them (Chapter 3) 

 Evaluate methane (and other GHGs) fluxes from different crops located in  

typical climate of the Mediterranean basin , cultivated in rotation over different 

seasons 

 Evaluate the contribution of CH4 emissions from livestock  by using 

Lagrangian simulations applied on a water buffalo farm, by using 

measurements taken on site. 
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Chapter 1 

Materials and Methods 

1.1 Modified mass balance approach 

In this work a novel mass balance approach has been developed for the retrievals of 

CH4 emission from landfills. Landfills are usually characterized by complex orography 

with several emissive hot-spots that may lead to different CH4 emission rates along the 

landfill domain. The eddy covariance measurements are integrated over a footprint of 

few hundred meters, therefore cannot be representative of the whole study domain, 

because of the inhomogeneous, patchy emission sources characterising these landfills. 

To overcome this issue, the evaluation of emissions from these landfills were 

performed using aircraft data in order to cover the entire study domain. An 

improvement of the existing mass balance approaches has been developed to make an 

emission apportionment between different sources closely located among them. The 

study area is a 5x5 km square domain in which four different landfills are located. The 

previously described mass balance approaches all measure the total emission of a study 

area enclosed by a control volume. In this case instead, the presence of multiple spatial 

sources within the same area poses a new challenge: to split the total emissions into 

individual ones and quantify them. An improvement to the mass balance algorithm 

uses a mass balance approach based on the box method using airborne measurements, 

coupled with a simple steady-state Gaussian dispersion model to retrieve an emission 

partitioning between different sources. This new approach allows to discriminate the 

emissions of the four landfills, and it is deployable in many similar contexts since 

landfills are usually characterized by irregular shape and several adjacent surfaces with 

possibly non-homogeneous waste age and composition. By flying gridded trajectories 

at different heights above the landfills, it is possible to reconstruct methane mixing 

ratios and wind vector, both at the edges and inside the sampled box volume, driving 

an optimization algorithm for individual sources separation. 



12 
 

1.2 The development of the Sky Arrow ERA airborne platform 

Research aircraft are becoming increasingly important for biosphere and atmosphere 

research. Instrumented aerial platforms permit the efficient investigation of problems 

having spatial distributions ranging vertically well beyond the Planetary Boundary 

Layer (PBL) and horizontally up to hundreds of kilometres. Research aircrafts can 

assess the spatial variability of atmospheric properties over relatively large distances 

in a short period of time, integrating ground observations over large areas. This is of 

great importance especially for heterogeneous surfaces and complex terrains.  

The Sky Arrow ERA (Environmental Research Aircraft) is a small aircraft produced 

by Iniziative Industriali Italiane (Rome, Italy) equipped with sensors to measure three-

dimensional wind and turbulence, together with gas concentrations and other 

atmospheric parameters at a frequency of 50 Hz. It is a two seater aircraft made of 

carbon fiber and epoxy resin, powered by a 100 HP engine, with a wingspan of 9.6 m, 

length of 8.2 m, wing area of 13.1 m2 , and a maximum take-off mass of 650 kg. The 

aircraft has a cruise flight speed of 85 knots with an endurance of 3.5 h, covering flight 

distances of up to 400 km. Operating altitudes can range from 10 m above ground level 

to more than 3500 m a.s.l. The aircraft is equipped with the Mobile Flux Platform 

(MFP), developed by NOAA (National Oceanic and Atmospheric Administration) 

which consists of a set of sensors for atmospheric measurements.The MFP is designed 

to correct wind measurements relative to the aircraft that are performed by the BAT 

probe, for the movement of the aircraft and the sensor with respect to the Earth [1],[2]. 

Those corrections are made using a combination of GPS (Global Positioning System) 

velocity measurements and data from two sets of three-dimensional accelerometers 

mounted at the centre of gravity of the aircraft and in the centre of the pressure sphere. 

For this, a commercial differential GPS (Novatel, U.S.A., mod. RT20) is used in 

combination with a four antenna vectorial GPS system (Trimble, U.S.A., mod. Tans 

Vector) to measure three-dimensional ground speed, pitch, roll and yaw angles of the 

aircraft up to 10 Hz. A subsequent blending of GPS and accelerometer signals provides 

attitude and velocity data up to 50 Hz. Accordingly, atmospheric turbulence is 

measured fifty times per second that translates to a horizontal spacing of 0.7 m while 

the aircraft flies at 35 m s–1 ground speed. In this way, eddies of wavelengths larger 

than 1.4 m can be resolved.  
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 Scalars are also measured during flight operations. A microbead (thermocouple) 

temperature sensing element with a nominal time response of 0.02 s located at the 

centre of the pressure sphere is used to measure air temperature fluctuations at high 

frequency. A platinum resistance thermometer is used as a slow response air 

temperature reference.  

 

Figure 1.1 The Sky Arrow ERA 

Atmospheric densities of CO2 and water vapour are recorded at 50 Hz by an open path 

infrared gas analyser (Licor, U.S.A., mod. Li7500) installed on the aircraft nose (fig. 

1). Low frequency air moisture measurements are made using a chilled mirror dew 

point sensor (EdgeTech, U.S.A., mod. 200). A net radiometer (Rebs, U.S.A., mod. 

Q*7) and upward and downward looking PAR (Photosynthetically Active Radiation) 

radiometers (Licor, U.S.A., mod. 200 s) are mounted on the aircraft horizontal 

stabilizer. Surface temperature is also measured at low frequency (1 Hz), using an 

infrared thermometer (Everest, U.S.A., mod. 4000.4 GH). The MFP platform has been 

developed leading to the creation of two different payloads: the air quality payload and 

the biogas payload.  

The air quality payload consist of a series of sensors added to the MFP platform for 

the monitoring of most common pollutants. Ozone and NOx measurements are 

performed respectively with 2BTech mod.202 and with 2BTech mod. 405 

(2BTechnologies, Boulder, USA). 
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Figure 1.2 The air quality payload on board the Sky Arrow ERA 

For particulate matter measurements an iso-kinetic inlet, located along the aircraft 

fuselage, has been connected to an optical particle counter Grimm mod. 1.109 (Grimm 

INC, Ainring, Deutschland) for the retrieval of particles densities in 32 size channels 

from 0.32 to 32 m. 

 

Figure 1.3 The biogas payload on board the Sky Arrow ERA 

For CH4 measurements, a new configuration of the Licor 7700 open path fast methane 

gas analyzer was developed  (LiCor, Lincoln, NE, USA), based on enclosing the sensor 

within a cylinder exposed to the external air in-flow. The sensor is located in the back-

plate of the Sky Arrow, above a trap door from which the air flow is conveyed to the 

instrument optical path. This set-up allows fast response measurements (50 Hz), 

avoiding external modifications to the aircraft, that would be subjected to restrictions. 

Signal from the sensor has been taken directly from DAC (digital analog converter), 
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without using Licor’s softwares in order to obtain higher measurements frequency 

respect to the standard instrument operational configuration. Some flights tests have 

been performed before the measurement campaigns to check the reliability of the Licor 

7700 new configuration. Mixing ratio measurements of methane have been carried out 

in vertical profiles up to 1500 meter ASL to prevent possible influences of temperature 

and pressure variations on the mixing ratio calculation and to verify that vibrations 

during the flight did not produce disturbance to laser multiple reflections inside the 

instrument optical path. No automatic cleaning for the mirrors was installed on board. 

Residual signal strength indicator (RSSI) of the instrument was observed to decrease 

gradually during the flight but remaining at values around 50% after landing, sufficient 

to preserve good data quality. 

1.3 The Eddy Covariance Technique 

The eddy covariance is a micrometeorological technique to infer the exchanges of 

energy, momentum and matter at the surface-atmosphere interface. The air flow in the 

planetary boundary layer can be imagined as a horizontal flow of numerous rotating 

eddies. Each eddy has 3-D motion components, including vertical movement of the 

air. If we look at one single sampling point, we can recognise two different situations 

(see Figure 1.4): 

 

Figure 1.4 Simple representation of eddy covariance principles. 

At one moment (time 1), eddy number 1 moves air parcel c1 downward with the speed 

w1. At the next moment (time 2) at the same point, eddy number 2 moves air parcel c2 

upward with speed w2. Each air parcel has its own characteristics, such as gas 

concentration, temperature, humidity. If we could measure these characteristics and 



16 
 

the speed of the vertical air movement, we would know the vertical upward or 

downward fluxes of gas concentration, temperature, and humidity. For example, if at 

one moment we know that three molecules of CO2 went up, and in the next moment 

only two molecules of CO2 went down, then we know that the net flux over this time 

was upward, and equal to one molecule of CO2 [3]. This is the general principle of 

Eddy Covariance measurements: covariance between the concentration of interest and 

vertical wind speed in the eddies following the equation: 

 

 

Where Fc is the vertical turbulent flux of a gaseous concentration C, and w is the 

vertical component of the wind vector. 

 

Figure 1.5 High frequency measurements of CO2 mixing ratios and vertical wind 

component carried out at Borgo Cioffi. Blue lines represent the vertical wind speed, while 

green lines represent CO2 mixing ratios. 

         Equation 1.1 

 

 

𝐹𝑐 = 𝑤′𝐶′ 
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Figure 1.5 shows a clear example of the eddy covariance measurements for CO2 at 

Borgo Cioffi (see following section). In figure 1.5 A CO2 mixing ratio and vertical 

wind component have a negative covariance indicating the presence of a flux towards 

the canopy. This is the distinguishing behaviour recorded during the photosynthesis 

activity that occur in the central hours of the day, during which the canopy absorb CO2 

from the atmosphere. In figure 1.5 B the covariance between the variables is positive 

revealing a CO2 flux towards the atmosphere. This is the situation that characterized 

the night time hours, where the crop respiration produced a release of CO2 in the 

atmosphere. 

1.4 The Borgo Cioffi field station 

The Borgo Cioffi field site (shown in figure 1.6) is located near Eboli (SA) in the 

Southern Italian Campania region (40° 31’ N, 14° 57’ E) and is the European 

southernmost cropland observation candidate site of ICOS (Integrated Carbon 

Observation System). The field station is located in a 15 ha field, irrigated by means 

of a central pivot system. The main cultivated species are corn (Zea mays), sorghum 

(Sorghum bicolor) and Alfalfa, along with some winter grass crops (Lolium Italicum), 

for fresh animal consumption, silage or hay. 

 

Figure 1.6 Map of the field site in Borgo Cioffi. N-NE of the EC tower is the water buffalo 

farm. 

The cropland site is located nearby a water buffalo farm (about 1000 animals). The 

farm area can be considered as representative of agricultural soils in this region where 



18 
 

water buffalo form an important part of the animal husbandry. The soil has an alluvial 

origin, deriving from the nearby Sele river, and it features a clay texture (clay: 52%, 

silt: 28%, sand: 20%), whereas in isolated patches localized in the SW area of the field, 

a coarse texture (clay:14%, silt:11% and sand: 75%) was detected. Soil pH is 7.5 and 

bulk density 1.2 g cm-3, organic matter content 2.5±0.3%. 
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Chapter 2 

The SKY Arrow ERA: a powerful instrument for the 

parameterization of meteorological and chemical 

model 

Air quality studies are generally supported by meteorological and chemical models in 

order to include those processes regulating severe air pollution episodes, such as 

atmospheric circulation and chemical transport. Reproducing and forecasting regional 

and local meteorological conditions is therefore of fundamental importance in order to 

replicate pollution patterns, and analyze the pollutants dispersion in complex 

orography. Air temperature, wind speed and direction and planetary boundary layer 

(PBL) height derived from numerical weather prediction (NWP) models are the 

fundamental parameters given as inputs to air quality models. In the framework of 

AriaSaNa (Air quality in Salerno and Naples districts) a deterministic air quality model 

forecast system has been developed and implemented for the Naples urban area and 

for the entire Campania region. The model chain is composed by the Flexible Air 

quality Regional Model (FARM) Chemical Transport Model [1] coupled with the 

WRF (Weather Research and Forecasting) meteorological model [2]. In this context, 

aircraft observations from the Sky Arrow ERA platform have been used to assess the 

performances of the meteorological simulations. In this chapter I show two different 

studies. The first is an evaluation of the performance of WRF modelling set up, 

comparing meteorological outputs with measurements by the Sky Arrow ERA. The 

second is a comparison and integration of aircraft measurements with high resolution 

modelling for meteorology and air quality in order to investigate local circulation and 

pollutant dynamics.  

My role in both papers was related to the aircraft measurements. I was responsible for 

the measurement campaigns organization, for the correct functioning of the different 

payloads and of the aircraft data analysis. 
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2.1  Performance Analysis of Planetary Boundary Layer 

Parameterization Schemes in WRF Modelling Set Up over 

Southern Italy 

A unique feature of the Sky Arrow ERA platform observations is to provide direct 

verification of model performances at the entire PBL scale for the wind vector, the 

potential temperature and the specific humidity by using different PBL 

parameterization schemes in the model. Usually, performances of PBL 

parameterizations have been verified either by means of surface observations - 

sometimes supplemented by a single vertical sounding [3]. Through this study, the 

sampling strategy was aimed at measuring at the local scale the vertical profiles of 

meteorological and micrometeorological variables at key locations of the study area, 

both inland and above the sea, at different times of the day, associated with different 

atmospheric conditions and sea breeze development phases. The Sky Arrow ERA 

measurements provided high resolution information, both on the temporal and spatial 

level, normally not available from radio sondes or larger aeroplanes that cannot fly at 

low altitude and with a low speed as the Sky Arrow. 

 

Figure 2.1. Flight tracks performed by the Sky Arrow ERA, yellow circles showed the 

location of the vertical profiles 

The Sky Arrow performed five flights over the Campania region on 7-9 October 2014. 

The flight tracks were designed as a box encompassing inland and sea horizontal 
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transects with vertical soundings on each of the four corners. Inland profiles (P1 and 

P4 in figure 2.1) were performed from the minimum safety height (150 m ASL) up to 

the free troposphere (2000 m ASL), whereas sea profiles (P2 and P3 in figure 4) up to 

1000 m ASL. The overall comparisons have shown that the main features of the 

vertical layering of the atmosphere are captured by the WRF simulations with all of 

the considered PBL parameterizations; furthermore the modelled boundary layer 

matches the vertical location of the most important temperature gradients, and captured  

correctly the upper layer temperature slopes. The selected PBL schemes (legend in 

figure 2.2) include three first-order closure PBL schemes (ACM, MRF, YSU) and four 

turbulent kinetic energy (TKE) closure schemes (MYJ, UV, MYNN2 and BouLac).  

However, some observations are not well reproduced by the model simulations, using 

any of the PBL parameterizations. The measured virtual potential temperature shows 

quite a stable slope in the PBL, while modelled profiles are uniform within the PBL, 

as it can be expected in well-mixed conditions. The modelled specific humidity is 

overestimated in the lower layers, and underestimated in the upper layers for all tested 

PBL schemes. The model reproduction of the vertical variation of the wind field is 

correct, showing the relevant decrease of wind speed alongside wind direction rotation 

in the shear layer, observed in this case between 500-900 m ASL. 

 

Figure 2.2 Vertical profile of (a) air temperature, (b) specific humidity (g/Kg), (c) wind speed 

and (d) wind direction. Black lines are the observations, coloured lined the simulations with 

different PBL schemes. 
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Some PBL schemes reproduced better wind profiles near the surface, but in general,  

measured wind field profiles show weak winds with strong vertical variability that the 

model is not able to reproduce. These discrepancies can be attributed to local features 

that are possibly transient and are connected to the development of the sea-breeze cell 

circulation, and in particular to the return current aloft.  

The results of this study have been published in July 2018 in the paper “Performance 

Analysis of Planetary Boundary Layer Parameterization Schemes in WRF Modeling 

Set Up over Southern Italy”, that can be found in Appendix A of this chapter.   

2.2  Atmospheric Dynamics and Ozone Cycle during Sea Breeze in a 

Mediterranean Complex Urbanized Coastal Site 

It is well known that the Mediterranean Basin has a strong vulnerability to 

photochemical air pollution episodes, especially during the summer season when the 

Ozone (O3) concentration over the Mediterranean is about three times higher than the 

hemispheric background level. The Italian peninsula is characterized by the presence 

of the Apennine mountains (range of altitude of the tops) located at moderate distance 

from the coast, favouring the development of breeze circulations on both Eastern and 

Western coasts. The district of Naples is one of the main urbanized areas of Southern 

Italy with more than three million inhabitants. Its vulnerability to O3 pollution episodes 

is increased by intense agricultural activities over the inland plains and by forest areas 

extending farther inland over the Apennine chain and on Mount Vesuvius. Due to the 

prevalence of sea breeze regime during spring and summer, these vegetated areas are 

exposed to the urban plume with high NOx concentrations that can lead to the 

photoxidation of BVOC enhancing the O3 concentration.  To reconstruct the 

atmospheric dynamics and the O3 increase during a pollution episode, data from the 

Sky Arrow ERA are coupled with ground based measurements performed at the same 

time and model simulations (same model chain WRF+FARM described in the 

previous section) in a study domain centred in the city of Naples. 

Four flights were performed on 15-16 July 2015 (figure 2.3) when a high pressure 

ridge of African origin affected the Mediterranean Basin causing high temperatures 

especially over the Italian peninsula. 
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Figure 2.3. Flight tracks performed by the Sky Arrow ERA during the measurements 

campaigns. At each corners of the box a vertical soundings have been performed (P1, P2, 

P3 and P4). 

Figure 4.2 shows the comparison between the O3 concentrations measured by the Sky 

Arrow ERA during the vertical soundings and FARM model outputs for the O3 

concentrations during the morning hours (a,b,c,d) and during afternoon hours (e,f,g,h). 

P1 and P2 (a and b in figure 2.4), sea vertical profiles taken during the morning hours, 

showed a quite constant concentration above 400 m ASL with values close to 150 g 

m-3; below this height concentration decreased towards the surface with values 

between 100 and 120 g m-3. FARM simulations (red lines in figure 2.4) reproduced 

correctly the profile shapes with some underestimation of concentrations in the upper 

layers. This model results support the hypothesis of the low value of near surface O3 

concentration caused by NOx rich and O3 poor air masses from the urbanized coastal 

areas during the night, and early morning breeze regime. Morning inland profiles (c 

and d in figure 2.4) were well reproduced by the model showing high O3 concentration 

(150-175 g m-3) within a layer of about 600 m ASL, with values similar to those 

measured at high altitude over the sea profiles. The afternoon O3 profiles (e,f,g,h in 

figure 2.4) showed peculiar features. These profiles were characterized by a general 
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increase of O3 concentration in the lower layer (below 600m?) compared to morning 

profiles, but the two northern profiles P1 and P4 (e and h in figure 2.4) showed an O3 

rich layer between 400 and 1000 m ASL, with maxima located at about 600 m ASL. 

 

Figure 2.4. Vertical profiles of ozone concentration (g m-3) measured by the aircraft along 

its ascending and descending flight paths (black lines) at locations (a),(e) P1, (b),(f) P2, 

(c),(g) P3, and (d),(h) P4 during the morning [in (a)–(d)] and afternoon [in (e)–(h)] flights 

on 15 Jul 2015. Start and end times of the ascending and descending aircraft flight paths 

are indicated for each profile. FARM results extracted at the same location are reported for 

the closest hourly time frame (red solid lines) and with 1-h delay (red dashed lines, for the 

morning flight only). 
 

These patterns were not reproduced by the model simulation: the transient nature of 

the observed phenomenon and the relatively low altitude of this O3 rich layer support 

the hypothesis that it is caused by the local recirculation. 
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Figure 2.5. Vertical profile of wind speed, wind direction and potential temperature at 

location P4 measured (black lines) and modelled (red lines) during the afternoon of 15 July. 

The O3 rich layer observed in P4 (figure 2.4 h) is coincident with the residual layer 

located over the internal boundary layer as can be seen in figure 2.5 (f), where 

pollutants have been injected during late morning, before the arrival of the breeze 

front, and then remain trapped after the internal boundary layer development. During 

local recirculation events, the mismatch between observation and simulation is 

probably related to the limited difference between the modelled and measured wind 

direction (Figure 2.5 (e)). The advection of NOx from Naples and its harbour towards 

the VOC rich inland planes caused a relevant O3 production in the area; pollutants were 

vertically mixed inside the boundary layer, until the sea breeze front reached the inland 

plains near midday. The evening collapse of the boundary layer height formed a 

layered vertical structure of the lower atmosphere with high O3 concentration trapped 

in the residual layer. This complex dynamics of the pollutants dispersion are strictly 

related to the local topography and to the local wind field rotation that the simulation 

is not able to reproduce correctly, also due to the ambiguity of this phenomenon, that 

e.g. did not occur in the following day. Results of this study have been published on 

January 2018, in the paper “Atmospheric Dynamics and Ozone Cycle during Sea 

Breeze in a Mediterranean Complex Urbanized Coastal Site”, which can be found in 

Appendix B of this chapter. 
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Chapter 3 

Estimate of methane emissions from landfills: an 

approach based on airborne measurements 

3.1 Locating and quantifying multiple landfills methane emission 

using aircraft data 

Emission of methane (CH4) into the atmosphere is a serious environmental issue 

associated with the landfilling of municipal waste, especially when landfills are not 

equipped with biogas recovery systems. This study is conducted on a 5x5 km spatial 

domain between the Naples and Caserta districts, in an area known as “terra dei 

fuochi”, in which four different  illegal landfills are encompassed.  

 

Figure 3.1 Location (panel A) of the four landfills (red polygons) inside the study domain 

(blue rectangle). Panel B shows the detail of the emissive area, with the surface extension. 

The surroundings are well known in the media: urban,  industrial and toxic waste were 

spilled and dumped in old dismissed quarries or buried without any control or safety 

measures for decades. This led to a patchy presence of waste with consequent spread 

CH4 sources with several emitting hot spots. The heterogeneous landscape that 

characterizes this area, in combination with the widespread presence of CH4 sources, 

make it a difficult spot for the assessment of CH4 emission using the common 

measurements techniques. The presence of several hot spots with different magnitude 
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of emission poses a problem for chamber measurement techniques, as they become 

less representative due to low spatial coverage of the measurements and their temporal 

discontinuity. The eddy covariance technique is generally suitable for the 

measurement of CH4 emissions from landfill, but the orography and the presence of 

four distinct landfills closely located within the domain affect the application of this 

technique as well. 

 

Figure 3.2 Typical flight path of the Sky Arrow ERA during the measurement campaigns 

above the landfills. 

To overcome these issues the airborne platform Sky Arrow ERA, equipped with the 

biogas payload described in Chapter 1, has been used for the estimate of landfill 

emissions. Eight flights were performed above the landfills following the same flight 

path, a series of grids repeated at different heights above the landfills as shown in 

figure 3.2. Flying grids instead of flying a circle or a polygon around the sources (as 

performed in the classical mass balance approach) allow to reconstruct both methane 

densities and wind components not only at the edge of the study area, but also inside 

the domain. 

Figure 3.3 shows the typical trend of CH4 mixing ratios versus heights measured 

during each flight. Multiple strong plumes were measured above the study area at 
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different heights; the CH4 signal above the landfills decreased gradually with altitude, 

although during daytime convective conditions, mixing ratios greater than background 

values were still measured even at the highest level, confirming the presence of strong 

emission sources at the ground. 

 

 

Figure 3.3 Time series of CH4 mixing ratio measured during one of the flights at 1 Hz 

resolution. Flight pattern portions at constant height correspond to the grids performed 

above the study domain. 
 

CH4 densities and wind data were then interpolated on a grid encompassing the flight 

domain, extending vertically from the surface to an altitude at which plumes are no 

longer sampled (ZTOP). Gridded data were computed at 50 meter horizontal resolution 

and 20 meter vertical resolution, using an inverse distance weighting (IDW) to a power 

(squared) algorithm. This algorithm is based solely on the assumption that close data 

points are more related to each other than distant points, not relying on any spatial or 

temporal relationship: 

 

where Cj est is the estimated value of CH4 densities or wind data for location j, Ci are 

the values of the neighbouring points i and d2 the squared distance between grid note 

         Equation 3.1 
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j and neighbouring points. Following equation 3.1, we obtained a gridded dataset of 

CH4 density and wind speed.  

 

Figure 3.4 CH4 density map integrated along the z direction obtained from one of the flights 

(F6) after 3D interpolation. The dimensions of the study area are reported on x and y axes. 

Black lines represent the flight paths above the landfills. The grid is rotated to align with 

the mean wind direction. 

 

Wind and CH4 density grids were rotated for each flight, according to the mean wind 

direction of each flight, obtaining a wind-aligned box domain (Fig. 3.4). The CH4 net 

mass flow was then obtained multiplying gridded densities by rotated wind speed. The 

total mass flow (MF) (g s-1) along and across the wind aligned direction was then 

calculated as the integral of the net MF along y-z (parallel to mean wind direction) and 
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along x-z (perpendicular to mean wind direction) using equations (3.2) and (3.3), to 

obtain MF along and across wind direction, respectively: 

 

 

where ZTOP is the top height of the box, x1-x2 and y1 -y2 are the horizontal boundaries 

of the study area (5x5 km domain), dy dx and dz are horizontal and vertical grid spacing 

respectively (dy,dx= 50m, dz= 20m). Cij and Vij are the CH4 molar densities and wind 

speed, where i and j are horizontal and vertical grid cell indices. Total flow rates 

obtained from equations (3.2) and (3.3) were calculated for each flight based only on 

aircraft measurements, with  no information or assumption on the underlying sources.  

A steady-state Gaussian dispersion model was deployed to compute CH4 density 

C(x,y,z) at any point of the study domain as follows: 

 

where x and y represent the downwind and the crosswind distance from the emitter, 

and z the vertical distance from the ground. The two Gaussian exponential terms 

describe the dispersion of the plume in the horizontal and vertical direction 

respectively, Q is the emission rate of the source that is considered constant in time 

and magnitude, L is the height of the emitter and U is the wind speed that defines the 

x direction. The meteorological conditions used as inputs for the Gaussian model 

(mixing height, temperature, wind speed and direction) were obtained for each flight 

directly from the aircraft observations, by considering the mean values measured 

during the lowest grid performed above the landfills. The Gaussian model was then 

applied separately for each landfill on the same grid described above for the actual 

measurements. Each surface grid cell (50 x 50 m) included in any landfill area was 

considered an emissive cell at location x = y = 0, with a point source at the centre of 

         Equation 3.2 

         Equation 3.3 

         Equation 3.4 
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the square. By then multiplying the gridded CH4 density - obtained from the Gaussian 

model - and the wind, we obtained CH4 mass flows associated to each landfill, and 

unit grid cell emission. Those mass flows were then integrated along z and 

subsequently along both x and y to retrieve, for each landfill, 1-d modeled mass flow 

(MMFi, where i is the number of landfills) signatures along and across wind direction, 

similarly to those computed from observations (figure 3.5). 

An optimization approach by General Linear Model (GLM) was used to separate the 

contribution of each individual landfill through the equation:  

 

where i = 4 is the number of landfills, MF is the CH4 mass flow calculated for each 

flight over the entire domain, obtained with equations (3.2) and (3.3), and MMFi are 

the flight specific modelled mass flows for each landfill. Equation (3.5) allows the 

estimation of landfill emission coefficients i that minimize the absolute difference 

between total measured mass flow (MF) and total modelled mass flow (∑ 𝑀𝑀𝐹𝑖 ∗
4
𝑖=1

𝛼𝑖). Emission rates for each individual source were then obtained by multiplying 1-d 

modeled mass flow by its relative coefficient i.  

         Equation 3.5 
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Figure 3.5 Comparison between modeled and measured mass flows. Black lines show 

computed mass flows for the study area down (upper panel) and across (lower panel) wind 

for each flight. The red lines show the estimates of CH4 mass flows obtained from the 

Gaussian dispersion model through the solution of equation 3.5 

 

Emission partitioning shown in figure 3.6 revealed that S1 was the strongest CH4 

source, with a mean emission covering 40% of the total and ranging from 30.7 ± 2.6 g 

m-1 day-1 (F1) to 63.1 ± 3.1 g m-1 day-1 (F8). S2 accounted for almost 30% of total 

emissions and values were quite steady for all flights, ranging between 31 and 48 g m-

1 day-1. For F8 no emission was estimated from S2, as this flight was characterized by 
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a single and strong CH4 plume located downwind of S1 and partially S3. S3 and S4 

were the weaker sources accounting for 12% and 19% of the total emission. Emissions 

from S3 ranged from 54.0 ± 19.1 g m-1 day-1 (F1) to 0.0 ± 14. g m-1 day-1 (F4); for S4 

the maximum emission was recorded during F2 (58.3 ± 27.1 g m-1 day-1) while the 

minimum during F8 (3.0 ± 9.8 g m-1 day-1). 

 

Figure 3.6 Emissions partitioning of each flight among the different landfills. 

 

 

Results of this study have been published in August 2019, in the paper “Locating and 

quantifying multiple landfills methane emission using aircraft data”, which can be 

found in Appendix A of this chapter. 
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Chapter 4  

Agricultural GHGs emissions measurements in 

Campania Region 

[The contents of this section have been published in Gasbarra, D., et al. (2019). Land-

Atmosphere exchange of N2O, CH4 and CO2 from a Mediterranean rotation cropland. 2019 

IEEE International Workshop on Metrology for Agriculture and Forestry (MetroAgriFor), 

68–71 and can be found in Appendix A of this chapter] 

4.1 Greenhouse gases exchange over Lolium italicum and Sorghum 

bicolor crops in the Mediterranean 

 

Agroecosystems play an important role in the global anthropogenic influence on 

climate through the variation of carbon storage potential of the ecosystems and 

exchange of greenhouse gases (GHGs) such as methane, carbon dioxide and nitrous 

dioxide.  

N2O is one of the most important long-lived GHG and soils account, globally for about 

60% of the total N2O release to the atmosphere. Microbial nitrification and 

denitrification in soils are the major sources of atmospheric N2O. Under anaerobic 

conditions, incomplete denitrification produce N2O whereas the terminal step of 

denitrification consumes N2O. Hence, microbial N2O production and consumption can 

occur simultaneously in soil via the activities of different microorganisms or even by 

a single denitrifying cell. In addition, within the soil profile and in  the soil air-filled 

pores, N2O can be further reduced to N2 during its transport to the soil surface. Soil 

physical and biochemical factors influence the balance between soil N2O production 

and consumption, and consequently the net N2O flux to the atmosphere.    

Direct, ground-based measurements of in situ CH4 fluxes with high measurement 

frequency are important for understanding the responses of CH4 fluxes to 

environmental factors including climate, for providing validation datasets for the land 

surface models used to infer global CH4 budgets, and for constraining CH4 budgets. 

Borgo Cioffi site is a part of a new coordination activity for flux tower CH4 mea-

surements organized by the Global Carbon Project (GCP) in collaboration with 



85 
 

regional flux networks and FLUXNET. The goal of the activity is to develop a global 

database for eddy covariance CH4 observations to answer regional and global 

questions related to CH4 cycling. Detailed description of the first results of this new 

activity coordination have been published (S. Knox, D. Gasbarra et al., 2019) and can 

be found in Appendix B of this chapter. 

In particular, GHG continuous measurements from crops in the Mediterranean are of 

primary importance in order to validate emission inventories, which often rely on very 

few studies performed in this kind of climate. Water buffalo (Bubalus bubalis ) farms 

play an important role in this region, both economically, for the production of 

mozzarella cheese typical of the Campania region, and environmentally, in terms of 

impacts of: animal husbandry, crops to feed the animals, and dairy production. 

Here we present flux measurements carried out at the Borgo Cioffi site, that has been 

described in detail in Chapter 1, with the primary aim to identify and compare the most 

significant sources of GHGs from a typical cropland in the Mediterranean environment 

with particular focus on emissions sources associated with fertiliser application and 

management practices on a rotating crop. 

 

Table 4.1 Agricultural practices at Borgo Cioffi 

N-fertiliser application rates have been approximately 300 Kg N ha-1 yr-1 (regional 

regulation impose a maximum of 340, including grazed areas). The fertilizer used is 
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slurry produced by the water-buffalo farm located nearby (see Section 4.2 for details). 

For what concerns soil management, greater soil disturbance, such as that caused by 

ploughing, can cause rapid respiration and loss of large amounts of soil carbon which 

would otherwise decompose more slowly. Inversion ploughing will turn the soil upside 

down, and the disturbance will depend on the depth of ploughing. Repeated 

mechanical operations cause soil microorganisms to become more compromised, 

reducing their potential, and inversion can help oxygenate soil, making methane and 

nitrous oxide emissions from anaerobic soils less likely. According to the tillage 

classes, defined by France National Institute for Agricultural Research (INRA), the 

measured tillage events on the field site can be defined as double-layer ploughing 

(inversion of the soil to a depth of about 15 cm and loosening to about 30 cm) and/or 

non-inversion (10-25 cm depth). The tilling depth and modality at the Borgo Cioffi 

site changes: at times incorporating residual crop, and less deep; according to the 

farmer necessities (weather over the season, pesticide usage, etc.). 

Measurements took place over two different periods: in the first period (30 October 

2017- 22 April 2018) Lolium italicum, grown for fodder, it constitutes the usual choice 

of a winter crop in this region. In the second period  (12 May- 20 August 2018), 

Sorghum bicolor, very common species of grain grown in this region, as it is drought- 

and heat- resistant species: also grown for fodder, it constitutes a common alternative 

to maize in scarcely irrigated areas. 

 

1.4.1 Field deployment of the eddy covariance tower 

The eddy covariance station is setup approximately in the centre of the field, which 

has a rectangular shape with dimension of 300x600 m. The height of the sonic 

anemometer varied from 2.15 to 2.60 m according to vegetation growth stages. The 

terrain is flat with a gentle slope of approximately 2% toward south (see figure 4.1.1). 

A CW-QCL TILDAS (Aerodyne Research Inc., Billerica, MA, USA) was used for the 

fast, simultaneous measurements of N2O, CH4 and H2O mixing ratios, whereas a 

LICOR7200 (LiCor, Lincoln, NE, USA) monitored CO2 and H2O: all gas were 

sampled at 10 Hz frequency. 
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Figure 4.1.1 Preparation of the sampling line which connect the eddy covariance tower to 

the container where sensors are located. This picture refer to the set-up of the station, at the 

beginning of the work. For this reason  the sampling line still laid on the soil. 

The instrumentation was placed in an air conditioned sea container. A Gill R3 

Ultrasonic anemometer (Gill Instruments Ltd., Lymington, Hampshire, UK) 

functioning at 10 Hz was used to measure the wind vector. A heated and insulated 

PTFE sampling line of 32.6 m length with a pipe diameter 3/8’’ ran from the sonic 

anemometer to the CW-QCL inside the container, air was drawn with a turbulent flow 

rate greater than 18 l/min (Reynold number of 4236). All system logged data to a 

CR3000 data logger (Campbell Scientific Inc., Logan, UT, USA) by a custom made 

program storing synchronous raw data. In addition, meteorological data were recorded 

above the canopy: photosynthetic photon flux by Li-190 (LI-COR, Lincoln, NE, 

USA), air temperature and relative humidity by CS215-L (Campbell Scientific, Logan 

UT, USA). The site was also equipped with a rain gauge TE525-L (Campbell 

Scientific, Logan UT, USA) to measure precipitations and a barometric pressure 

transducer Setra 278 (Setra System Inc., Boxborough MA, USA) to measure air 

pressure. 
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4.1.1 Lolium italicum crop 

Meteorology 

Figure 4.1.2 From top to bottom: air T, soil T, rainfall and volumetric soil water content at 

a depth of 10 cm. 

Figure 4.1.2 shows the meteorology of the first measurement campaign (30 October 

2017- 22 April 2018). Mean temperature of the whole period was 10.9 °C with a 

minimum value of 1.5 °C measured on February and a maximum value of 19.5 °C 

measured in April. Soil temperature followed a similar behaviour to the air 

temperature, ranging from 6.1 °C to 17.4 °C. Mean volumetric water soil content was 

about 46% throughout the observation period, showing a strong decrease to 30% from 

the end of March 2018 until the end of the measurement campaign corresponding to 

the temperatures increase. Artificial irrigation was not necessary in this season due to 

the frequent rainfall events. The wind field (figure 4.1.3) shows the typical pattern of 

winter sea-land breeze circulation, with a prevalent North-East direction and highest 

wind speed of about 12 ms-1 measured in December 2017. 
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Figure 4.1.3 Wind field measured during the campaign.  

 

GHGs fluxes 

In figure 4.1.4 the half-hourly averages of CO2 fluxes for the whole measurements 

period are reported.  CO2 uptake from the crop is clearly evident in the central hours 

of the day with maximum values around -30 mol m-2 s-1 reached during the vegetation 

phase. Crop act as sink during this phase with a daily mean uptake of about -7.5 mol 

m-2 s-1. 

    

 Figure 4.1.4 Daily cycles of CO2 fluxes from 30 October 2017 to 22 April 2018. On each 

box, the central mark indicates the median, and the bottom and top edges of the box indicate 

the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data 

points not considered outliers. Data points are considered outliers if they are greater 

than q3 + w × (q3 – q1) or less than q1 – w × (q3 – q1), where w is the maximum whisker 

length, and q1 and q3 are the 25th and 75th percentiles of the sample data, respectively.  
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In Fig. 4.1.5 daily N2O fluxes showed very small emission response after every 

operation performed on the field, in fact on average, N2O emission during the whole 

measurements campaign was about 0.8 nmol N2O m-2 s-1, while the highest N2O fluxes 

were observed following the spreading of buffalo slurry with a maximum of 7 nmol 

N2O m-2 s-1. These fluxes are very close to zero, and it can be concluded that the 

emissive contribution of the lolium italicum crop in the winter season was negligible, 

by comparison to the emissive character of the following season (see next section). 

This is likely due to the very different nature of the fertiliser used in the two different 

season: the N content of the autumn event was very low, as the fertiliser was very 

diluted liquid fraction of the buffalo slurry, while the spring event was solid fraction 

slurry, very rich in organic matter content. 

Figure 4.1.5 Mean daily fluxes of N2O from 30 October 2017 to 22 April 2018. 

CH4 fluxes measured during the field campaign were negligible, no significant signal 

was detected also after the fertilization process, probably because liquid, diluted slurry 

was used in this occasion, without the solid, organic matter rich part. Figure 4.1.6 

shows that the higher CH4 mixing ratios measured during the campaign are related to 

a wind direction between 50 and 70 degrees, showing that the concentrations increase 

is due to transport phenomena from the livestock that is outside the tower footprint. 

These advection episodes occurred mainly during night hours, when stability was 

prevalent, while during daytime hours, the mixing re-established stationary conditions. 
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Figure 4.1.6 Time series of CH4 concentrations (top panel) and wind direction (bottom), 

showing plumes of methane originating from the nearby paddocks.   

4.1.2 Sorghum bicolor crop 

Meteorology.  

 

Figure 4.1.7 From top to bottom: air T, soil T, rainfall (blue) and irrigation (red) rates, 

volumetric soil water content at a depth of 10 cm and wind rose. Data refer to the whole 

measurements period. 

Figure 4.1.7 shows the meteorology of the second measurements campaign period, 

relative to the growth of Sorghum bicolor (from 12 May to 20 August 2018). Daily 

temperatures show mean value around 25 °C during the summer period, while mean 

soil temperatures rise from 20 °C to 23 °C during summer. The lack of rainfall during 
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the summer at the site requires artificial irrigation, therefore the soil water content 

follows the irrigation events on the crop, remaining below 35% volumetric water 

content throughout the observation period.  

 

Figure 4.1.8 Wind rose recorded at Borgo Cioffi during the whole measurement period. 

The wind field at Borgo Cioffi (figure 4.1.8) shows a typical sea land breeze regime 

with North East to South West prevalent direction, with mean values ranging from 0.5 

to 9.4 m s-1. 

GHGs fluxes 

In figure 4.1.9 are reported the half-hourly averages of CO2 fluxes of the whole 

measurements period.  Plant photosynthesis process is clearly evident during daytime 

hours, characterized by sunlight, through the uptake of CO2 from the atmosphere by 

the canopy showing a maximum absorption during the central hours of the day of about 

30 mol m-2 s-1 (see green line in Fig. 4.1.9). CO2 fluxes show that the field acts as a 

sink of C during the vegetated stages, with average daily net uptake value of -12.5 

mol m-2 s-1. 

On the other hand, during the post-tillage phase, the measured CO2 fluxes show an 

emissive character, due to the carbon loss from the soil. This lasted until vegetation re-

established full photosynthetic activity (grey line in Fig.4.1.9). 
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Figure 4.19 Daily cycles of CO2 fluxes from 12 May to 20 August. The central lines indicate 

the median, and areas around indicate the 25th and 75th percentiles, respectively. The green 

line indicates the behaviour of CO2 fluxes during the vegetated period, the grey line the 

period post-ploughing event. 

After the tillage event, the mean flux measured was 7 mol m-2 s-1 during that period. 

Time series of N2O daily fluxes (figure 4.1.10) show an important emission feature, 

following the tillage and the fertilisation events. Before the ploughing event fluxes 

were close to zero: the fertilization event triggered the highest response, while both 

irrigation and tillage (any type of tilling) were followed by relatively small increase 

of emission. 

Figure 4.1.10 Mean daily fluxes of N2O from 12 May to 20 August 2018. The most 

important farming operations performed on the field are reported in the graph. 
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N2O fluxes showed an emission response after every operation performed on the field, 

and emissions were recorded both after ploughing and harrowing of the field.  

Average N2O emission during the whole measurements campaign was about 23 nmol 

N2O m-2 s-1 while the highest N2O fluxes were observed following the spreading of 

buffalo slurry with a maximum of 78 nmol N2O m-2 s-1, ten days after fertilization.  

 

Figure 4.1.11 Relation between N2O emissions and soil temperatures during the 25th May- 

4th June 2018 fertilization period. 

In order to underpin the causes of N2O release, environmental variables measured on 

site has been correlated with N2O fluxes during the fertilization period, showing that 

soil T at 10 cm depth has the clearest relationship (figure 4.1.11) respect both to 

temperature at deeper depth and to water soil content. 

CH4 average concentrations were 2.6 ppm (figure 4.1.12), well above the background 

level of about 1.9 ppm. This is explicable by the vicinity of the buffalo farm, an 

important source of CH4 influencing the area: in fact, during stable conditions, the 

cumulated CH4 at the animal houses gets advected to the field, at the measurement 

tower, hence enhancing considerably the measured methane concentrations. 
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Figure 4.1.12 Daily mean CH4 mixing ratios measured during the field campaign 

Despite the high CH4 mixing ratios measured at the site, very low fluxes from the 

ground have been measured, with a mean value of 0.027 mol m-2 s-1 (figure 4.1.13).  

Flux data were rejected according to the hypotheses of the eddy covariance method, 

for the advection phenomena from the livestock housing due to night time atmospheric 

stagnation. 

 

Figure 4.1.13 Daily mean of CH4 fluxes measured during the field campaign 

A small increase has been observed simultaneously to the fertilization process at the 

end of May, these small fluxes could be related to a direct emission from the slurry 

that had been spread on the field, as shown in Fig. 4.1.14.  
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Figure 4.1.14 Time series of half-hourly CH4 fluxes recorded in the weeks after the tillage 

and fertilisation events. 

4.1.3 Discussion 

The tilled field acted as a source for all measured GHG during the period following 

the soil disturbance event in the spring 2018, mostly for N2O and CO2, and marginally 

for CH4. CO2 emissions were of the order of 7 mol m-2 s-1.  

Both agricultural practices, tillage and fertilisation, occur at a very short distance, if 

not simultaneously, if considering the overall field. This poses a challenge when trying 

to distinguish the impact of the individual event, be it fertilising or disturbing the soil. 

CH4 and N2O emissions were both higher during the spring event, though in general, 

the CH4 contribution was very small, and it can be concluded that the impact of CH4 

emissions from both crops is negligible. Further investigation on the CH4 advection 

from the livestock can be found in section 4.2, addressing the importance of livestock 

in terms of CH4 emissions.  

Highest N2O fluxes were observed during the days following the spreading of buffalo 

slurry mixed with solid as fertilizer (spring 2018), where maximum emission reached 

78 nmol N2O /m2s ten days after fertilization.  

In general, both crops acted as a source for CH4 and N2O, and as a sink for CO2, as 

reported in Table 4.2 below.  
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Table 4.2 Average values of GHG fluxes recorded at Borgo Cioffi for both crops. 

 CO2 CH4 N2O 

Lolium  2017-2018 -7.5 mol m-2 s-1  0.027 mol m-2 s-1  0.8 nmol m-2 s-1  

Sorghum 2018 -12.5 mol m-2 s-1  0.1 mol m-2 s-1  23 nmol m-2 s-1  

    

 

4.2 Study of enteric methane emissions from water buffalo production 

in the Mediterranean area 

 

Introduction 

The production of greenhouse gases (GHG) from livestock provides a significant 

contribution to anthropogenic global warming ([1], [2], [3]) and economic 

development in many countries is expected to expand the demand for meat and dairy 

products, potentially resulting in increased GHG release to the environment (Garnett, 

2009).     According to United Nations Food And Agriculture Organization estimates 

[5] the global livestock sector is responsible for 14.5% of total anthropogenic 

emissions. Considering the main greenhouse gases, worldwide, livestock farms would 

be responsible for the emission of about 9% of carbon dioxide, 37% of methane and 

65% of nitrous oxide. Steinfeld et al. [6] reports that the livestock sector is responsible 

for 18% of anthropogenic emissions, corresponding to about 80% of GHG emissions 

from all other agricultural sectors. 

The main source of ruminant greenhouse gases is represented by the enteric 

fermentation process, in which the feeds are decomposed in the animal's rumen by 

microbial activity, with consequent production and release of high quantities of 

methane (CH4). Other associated sources of CH4 include manure and sewage storage 

and soil application. 

Water buffalo (Bubalus bubalis) is a species widely present throughout the world, with 

a total population of 200 million, mainly localized in Southeast Asia. 

The swamp buffalo type is used as draft power and as a meat source while the river 

buffalo features elevated milk production. The total number of water buffalo raised in 
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Mediterranean area, primarily for cheese production, is about 4.7 million, representing 

2.4% of the world population. European buffaloes, named Mediterranean buffalo and 

belonging to the river type, are mainly found in Italy, Romania, Bulgaria, Greece, 

Albania, Germany and Republic of Macedonia.  There are about 407,000 Italian 

buffaloes, with a total milk production of 92,000 tons. However, there is a consistent 

positive trend in Italian buffalo numbers, with a net increase in population of 52 % 

from 2005 to 2013.  This increase is due to the rising market reputation of its typical 

cheese, “Mozzarella di Bufala”. 

In response to the growing demand for dairy products, the buffalo farming system in 

Italy has evolved in the last decades, moving from extensive to intensive husbandry, 

similar to that of the dairy cattle industry [7], with the implication of enhanced 

environmental footprint due to air-quality and greenhouse gases emissions.  Despite 

the increased industry size and economic interest, there are very few specific studies 

on the quantification of greenhouse and air-quality gas emissions from water buffalo 

[8].  Current estimates for inventory purposes are based on Intergovernmental Panel 

on Climate Change (IPCC) Tier 1, Tier 2 and Tier 3 schemes.  The evaluations are 

based on the application of expected emissions factors or on computations based on 

gross energy intake and/or methane conversion factors (IPCC, 2006).  In particular, 

the experimental determination of CH4 emissions from water buffalo production has 

not been reported. 

Several different approaches can be followed to quantify the amount of trace gases 

emitted by animals [9]. Storm et al. [10], reviewed specific procedures for measuring 

methane emission from ruminants, discussing the diverse conditions for application 

and their advantages and disadvantages. Enclosed chambers and tracer-ratio systems 

are commonly adopted, but their use can impact on animal normal behavior. Non-

interference techniques, like microclimate methods, provide a more appropriate 

approach and classical micrometeorological procedures such as flux gradient, eddy 

covariance, relaxed eddy accumulation and boundary layer budgeting - based on 

measuring fluxes of gases in the free atmosphere and relate these to animal emissions 

- have been widely used to assess CH4 fluxes ([11],  [12],  [13], [14], [15], [16]). 
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Harper et al.[17] focus on inverse dispersion analysis, a more flexible approach to 

measure emissions from small paddocks or whole farms, as it only requires gas 

concentration measurements at a point upwind and a point downwind and wind 

statistics provided by a three-dimensional sonic anemometer. Flesch et al. [18] 

developed a variant of Lagrangian stochastic models, the bLS dispersion model, 

providing a better ability to represent wind features near the ground and their role in 

gas transport. The technique has been widely used to calculate methane emissions from 

feedlots [19], paddocks [15]and entire farms ([20], [21]).  This technique has been 

validated using tracer gases by many authors with an average accuracy of 98% ± 5% 

[21]. 

The purpose of this study is to evaluate enteric CH4 emissions of a buffalo herd under 

highly-intensive production in Mediterranean conditions. 

4.2.1 Study site and method 

The research was carried out at the Borgo Cioffi site described above and in Chapter 

1, at the zootechnical farm specialized in rearing water buffalos. The location hosts a 

long term monitoring station belonging to the FLUXNET global network of ecological 

sites (http://fluxnet.ornl.gov). The high frequency data collected in the field described 

in section 4.1 were processed and averaged to provide records at half hourly intervals. 

The farm hosts about 1000 animals in total and at the time of the study about 360 

lactating heads, divided into different production groups. 

Inverse Dispersion (bLS) Technique 

The most appropriate approach for the measurement and calculation of gaseous 

releases in the atmosphere are non-interference techniques [17].   In this study we use 

an inverse-dispersion analysis technique to calculate emissions: by measuring the 

concentration of a pollutant and the turbulence parameters at a location nearby a 

source, it is possible to evaluate the entity of the source Q (Fig. 4.2.1). 

http://fluxnet.ornl.gov/
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Figure 4.2.1. A scheme of the bLS technique, showing a source Q being dispersed 

in the vicinity and the monitoring station of concentration and wind located 

downwind the source. 

 

A backward Lagrangian stochastic analysis (bLS) technology was combined with the 

measurements made by a gas analyser and a sonic anemometer for necessary wind 

statistics [20], [22]. This technique has a number of proven accuracy evaluations in 

calculating emissions from farm environments [17] and in this study we applied it to 

methane gas. In the bLS measurement technique [23], CH4 concentration is needed 

upwind and downwind of the source along with wind information. Methane 

concentration was measured at only one spot close to the farm (described in section 

4.1); consequently, an estimate of ‘background’ was made by selecting records 

featuring wind directions coming from the Mediteranean Sea, where no potential 

sources between the farm and the coastline were present (wind direction between 150 

and 220 degrees, see map, Fig. 4.2.2a).  For evaluating the source strength, wind 

sectors were chosen to address samples which came from the target area (wind 

direction between 350 and 45 degrees, see fig. 4.2.2b).  

Figure 4.2.2 Left (a) Wind sector of air coming from the sea (red area) for 

background concentration estimate Right (b) Wind sector of air coming from the 

farm buildings. 
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For the bLS evaluation, the required information includes:  

1. gas concentration estimated upwind (since upwind measurements were not 

available) and downwind of the source (farm) 

2. wind measurements (taken well away from the farm so as not to be 

influenced by the farm structures) 

3. a map of the farm indicating the location of CH4 emissions sources (e.g., 

paddocks, houses) and the sensor locations. 

The concentrations as well as friction velocity u*, the Obukhov length L, and the 

surface roughness length z0  (see [23]) were measured at the measurement tower 

described in section 4.1. In Fig 4.2.3 is shown a map of the different sources located 

at the farm. 

Figure 4.2.3 Map of the different sources and the measurement station located at Borgo 

Cioffi. 

The “WindTrax” (Thunder Beach Scientific, Nanaimo, Canada) software was used to 

make the calculation relating downwind concentration to the emission rate.  This 

software combines the bLS model described by Flesch et al [23] with an interface 

allowing the farm emission sources and concentration sensors to be conveniently 

mapped.  In the bLS model, thousands of model trajectories for the prevailing wind 

conditions.  The important information relating the concentration to the emissions is 
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the set of trajectory intersections with ground (“touchdowns”, see an example in Fig. 

4.2.4). 

𝑄 =
𝐶 − 𝐶𝑏

1
𝑛 ×

∑ |
2
𝑤0
|
 

where Q is the farm emission rate (kg m-2 s-1), C is the downwind concentration of (kg 

m-3), Cb is the upwind (background) concentration (kg m-3), n is the number of 

computed bLS trajectories, w0 is the vertical velocity of the trajectory at touchdown 

(m s-1), and the summation covers all touchdowns occurring within the designated 

source area.  The touchdowns map the concentration “footprint”, i.e., the ground area 

where emissions influence C. The areal emission rate, Q, calculated in the above 

formula is multiplied by the source area and is reported as an integrated whole-farm 

emission rate with units of kg-CH4 hr-1. 

The study farm is represented as a collection of surface area sources (Fig. 4.2.3).  The 

farm emission rate, Q, was calculated using n = 750,000 trajectories. Not all 

observation periods give good Q calculations, and therefore the filtering strategy of 

Flesch et al. [24] was used.  Three criteria identify periods when the bLS dispersion 

model is likely to be inaccurate and such periods were not used if:  

 u* ≤ 0.05 m s-1 (low winds), 

 |L| ≤ 10 m (strongly stable/unstable atmospheric stratification), 

 z0 ≥ 0.2 m  

For some wind directions, the farm plume only “glances” the downwind sensor.  This 

leads to three problems: the plume edge is associated with greater Q uncertainty due 

to the difficulty of modeling lateral dispersion; emission measurements are weighted 

toward the unrepresentative farm edge; and slight errors in wind observations 

(particularly wind direction) can result in dramatic errors in Q.  Therefore periods are 

not used where the concentration touchdowns cover less than 40% of designated 

source area (WindTrax calculates the fraction of source pixels displayed as 

touchdowns, see Fig. 4.2.3 for example). The bLS calculation of Q assumes CH4 is a 

passive tracer with no deposition to the downwind surface and no chemical 
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transformation between the farm and the laser line.  Given the short distances between 

the farm and the lasers (150 m), this assumption is realistic. 

4.2.2 Results 

The dataset used for application of WindTrax is the season from 1st November 2017 

to 19th April 2018, when the planted crop was Lolium Italicum on the Borgo Cioffi 

field site (see for a full description section 4.1.1). The input data consisted of 

concentrations of CH4 and turbulent wind variables measured from the eddy 

covariance tower. 

The model run provided, for different stability conditions and different wind directions 

detected at the site, different sets of “touch-downs”. As shown in Fig. 4.2.4, the 

different atmospheric conditions mean that the measured concentration is describing 

different portions of the source area (the green polygon covering the whole farm area).  

 Figure 4.2.4 Touch downs (red dots) maps accounting for the same source in different 

stability conditions: unstable, neutral, stable (from left to right respectively). 

 

In order to assess the background concentration from the data collected at the eddy 

covariance station, CH4 concentrations coming from the direction of the sea were 

considered the best estimate of a plausible background, free from the influence of other 

local sources. The wind sector chosen ranged from 150° to 210°: the measurements 

showed a temporally non-constant background.  
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Figure 4.2.5 Background concentrations of methane, estimated from half-hourly values 

measured from the sea-wind sector at Borgo Cioffi. 

However, by looking at the daily cycle of CH4 concentrations, shown in Fig. 4.2.5, no 

structure was detected connected to the time of the day, and the values ranged from a 

minimum of 1.88 ppm to a maximum of 2.2 ppm.  The mean value of such dataset 

spanning over the whole measuring period was 1.98 ppm, and it was used as model 

input (Cb) for the calculations. 

The model run on an input of just under 6 months long dataset of half-hourly data for 

concentration and wind. The data were filtered according to selective criteria on 

turbulence mentioned in the previous section: the threshold values were fixed for 

friction velocity 0.05 m/s; for the Obukhov length 2, for the mean wind speed had to 

1 m/s, wind direction was restricted to the sector 350° - 30°. After the filtering 

described above, the output dataset consisted of 392 values. 

The outcome of the model run is shown in Fig.4.2.6: the farm behaved in all cases as 

a source of methane, with emission rates ranging from -1.8 kg/hr to 83 kg/hr. The 

negative values represented 0.3% of all output data, and they are probably due to the 

estimate of the background, which has been chosen as a fixed value throughout the 

period, because of the lack of a continuous, independent CH4 background 

measurement. 
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Figure 4.2.6 WindTrax model output simulating the methane emission rate from the 

buffalo farm at Borgo Cioffi. 

 

In Fig. 4.2.7 is shown the daily cycle of the same dataset: the chart shows that no 

particular daily pattern is present, suggesting that variability could be linked more to 

the background assessment rather than attributable to feeding patterns of the animals. 

 

Figure 4.2.7 Daily cycle of emission fluxes from the farm output by the model. 
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The emission calculations from WindTrax found an average emission source strength 

of 18.3 kg/hr, with a standard deviation of about 9 kg/hr.  The high uncertainty of the 

output is possibly due to: a lack of knowledge about where the gas source areas are 

within the farm and which parts are weaker/stronger (e.g. paddocks of lactating vs 

young calves); a large uncertainty over the Cb values at any instant (taking into account 

the contribution of surrounding sources). 

However, despite the large uncertainty of this WindTrax calculation, the emission 

outcome shows quite good agreement in terms of magnitude of emission from a dairy 

farm of about 1000 heads. Further work is required to compare the emission obtained 

by WindTrax with the more theoretical approach of the IPCC emission calculation. 
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Conclusions 

This work aimed to directly evaluate CH4 emissions from different environments that 

characterize the whole territory of the Campania region (Southern Italy) by using 

different measurement approaches, in order to provide validation data for models as 

well as for national emission inventories. 

A small research aircraft, the Sky Arrow ERA platform (see Chapter 1 for a full 

description) was setup and tested through several observational campaigns to provide 

regional field scale measurements of pollutants. Bio-meteorological observations and 

pollutants concentrations were measured on board the aircraft: with the recorded 

dataset, it was possible to parameterize meteorological and chemical dispersion 

models at high spatial resolution over the Campania region (Chapter 2). The results 

show that simultaneously using model simulations and measurements, we were 

successfully able to reproduce the dynamics of pollutants dispersion, and to understand 

the processes regulating the atmospheric circulation in a study area characterized by 

complex orography and dynamics. 

The same Sky Arrow ERA platform has then been customised in order to estimate CH4 

emissions from four different landfills, closely located among each other, over a study 

domain of 5x5 km between the municipality of two main cities in Campania,  Naples 

and Caserta (see Chapter 3). For this purpose, we developed a specific airborne 

payload able to measure CH4 mixing ratios and wind components at high frequencies. 

The data from the measurement campaigns have been used to develop and test a novel 

airborne mass balance approach, able to distinguish the contribution of four different 

sources inside the same study domain. For this purpose, we computed CH4 mass flows 

in combination with simulated CH4 emissions obtained through a steady state Gaussian 

dispersion model. High emissions from the entire study area were measured, with a 

mean value of 252.5±54.2 g s-1, while contributions from single landfills ranged from 

17.5 to 40.1 g m-2 day-1. 

In order to assess the contribution to the regional CH4 emissions of the agricultural 

sector, we measured CH4 emissions at a field scale by using micrometeorological 

techniques (see Chapter 4). The first part of the study aimed at establishing the role of 

crops, and it was conducted over a cultivated field in the Campania region (Salerno 
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province), where half yearly crop rotation is performed. The rotation allows to 

investigate the mean greenhouse gases fluxes for different crops cultivated, typical of 

the Mediterranean basin. The cropland site (Borgo Cioffi) can be considered a 

representative agricultural site of this region, both for type of the crops grown and for 

the landscape, being located nearby a water buffalo farm, which forms an important 

part of the animal husbandry of the Campania region, homeland of buffalo mozzarella. 

Eddy covariance fluxes of GHG (CO2, N2O, CH4) were measured over two growing 

seasons, during 2017 and 2018: the results showed that both crops investigated (Lolium 

italicum and Sorghum bicolor) acted as a source for CH4 and N2O, and as a sink for 

CO2. Soil emissions magnitude of CH4 and N2O were higher for spring-summer 

cultivation compared to the winter one, although it can be concluded that no significant 

CH4 fluxes from the soil were recorded during both measurement campaigns; 

furthermore, results showed that the CO2 uptake from Sorghum bicolor was nearly 

double compared to Lolium italicum.  

The second part of the study involved the application of backward Lagrangian 

simulations (by using the WindTrax model) in order to evaluate the CH4 emissions 

coming from the livestock housing located at Borgo Cioffi, nearby the eddy covariance 

field. A 6-months time series of wind and CH4 concentrations measured at the eddy 

covariance station were used as model input. While the CH4 emitted by the crop can 

be considered negligible, by contrast, the Lagrangian simulations performed showed 

that the buffalo farm acts as a strong source for CH4, with a mean value of 18.3 kg 

CH4 /hr that correspond  to a release of about 5 g s-1. This value is lower compared to 

the one obtained from landfills (about 200 g s-1), but considering that livestock is 

spread over the whole Campania region the overall emission connected to these 

activities could be considered a serious environmental issue. 
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