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Abstract

:

Methane (CH   4  ) emissions from dairy husbandry are a hot topic in the context of active climate protection, where housing systems with slatted floors and slurry storage inside are in general expected to emit more than systems with solid floors. There are multiple factors, including climate conditions, that modulate the emission pattern. In this study, we investigated interrelations between CH   4   emission patterns and climate conditions as well as differences between farm locations versus floor effects. We considered three data sets with 265, 264 and 275 hourly emission values from two housing systems (one slatted, one solid floor) in Switzerland and one system with solid floors in Germany. Each data set incorporated measurements in summer, winter and a transition season. The average CH   4   emission was highest for the slatted floor system. For the solid floor systems, CH   4   emissions at the Swiss location were around 30% higher compared to the German location. The shape of the distributions for the two solid floor systems was rather similar but very different from the distribution for the slatted floor system, which showed higher prevalence for extreme emissions. Rank correlations, which measure the degree of similarity between two rankings in terms of linear relation, were not able to detect dependencies at the selected significance level. In contrast, mutual information, which measures more general statistical dependencies in terms of shared information, revealed highly significant dependencies for almost all variable pairs. The weakest statistical relation was found between winds speed and CH   4   emission, but the convection regime was found to play a key role. Clustering was consistent among the three data sets with five typical clusters related to high/low temperature and wind speed, respectively, as well as in some cases to morning and evening hours. Our analysis showed that despite the disparate and often insignificant correlation between environmental variables and CH   4   emission, there is a strong relation between both, which shapes the emission pattern in many aspects much more in addition to differences in the floor type. Although a clear distinction of high and low emission condition clusters based on the selected environmental variables was not possible, trends were clearly visible. Further research with larger data sets is advisable to verify the detected trends and enable prognoses for husbandry systems under different climate conditions.
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1. Introduction


One of the great challenges of our century is to take action to combat climate change and its impacts, as it is verbalized in the thirteenth sustainable development goal of the United Nations (https://sdgs.un.org/goals, last access 20 December 2021). Regional and local impacts of the continuing global warming trend have already become apparent and highlight the urgent need for adaptation and greenhouse gas mitigation measures in all economic sectors, including agriculture [1,2,3,4]. On the other hand, in terms of agriculture, the global economic development and population growth resulted in continuously increasing demand for food, where a substantial part is currently covered by animal-based products [5,6]. At the same time, livestock production is a substantial source of air pollution in terms of ammonia and greenhouse gases.



With regard to greenhouse gases, methane (CH   4  ) is a substance of particular importance and complexity regarding its emission process. The Food and Agricultural Organization (FAO) of the United Nations estimated in 2013 that nearly half of the greenhouse gas emissions from the livestock sector are in the form of CH   4  , while nitrous oxide and carbon dioxide contribute about 28% each [7]. Moreover, dairy cattle husbandry contributed around 20% of the total greenhouse gas emissions from the livestock sector by that time. In addition, according to recent estimates of the global CH   4   budget for 2017, around 30% of the total anthropogenic CH   4   emissions originate from enteric fermentation and manure [8]. Therefore, CH   4   emissions from dairy husbandry are a hot topic among farmers, society and stakeholders in the context of active climate protection. Freestalls and loose housings with cubicles are the most common housing systems in many parts of the world [9]. In most European countries, naturally ventilated housings (NVH) with cubicles play an important role in dairy husbandry (e.g., [10,11,12,13]). In these systems, the indoor climate is strongly related to the outdoor weather conditions, which has implications for pollutant emissions in general. NVHs with cubicles can be further subdivided with respect to floor types: solid floors or slatted floors [12]. According to measurements and modeling in a loose housing with cubicles and solid floors in the study by Ngwabie et al., around 81% of the CH   4   emissions originate from enteric fermentation and about 19% is manure-based [14]. Similarly, Dutch CH   4   emission data show that enteric fermentation is responsible for roughly 80% of the CH   4   emissions from cattle housings [15]. Whereby Monteny et al. assumed that the proportion of slurry-based CH   4   emissions could be higher in housing systems with perforated floors and slurry storage inside the housing compared to systems with solid floors. Furthermore, both enteric and slurry-based CH   4   emissions can be modulated by multiple factors, such as breed, diet, feeding routines, animal activity, climate conditions, etc. (e.g., [12,16,17,18,19,20,21]). In contrast, to other emitted air pollutants (e.g., ammonia) the effect of meteorological variables, such as temperature and wind speed, on the emission process of methane is not conclusively explained in the literature. On the one hand, this is related to the complex physiological and behavioral reactions to ambient climate affecting the metabolism of ruminants and, thereby, likely the enteric fermentation also [22]. On the other hand, if the wind speed near the active emission surface increases, the thickness of the boundary layer between liquid manure and the atmosphere and, in consequence, the resistance for diffusive gas transfer decreases, resulting in higher local emissions [23]. The literature on the temperature effect on methane emissions from manure is partly contradictory. In general, CH   4   emissions from manure are expected to increase with increasing temperature, and thus, cooling liquid manure is considered to be a CH   4   mitigation measure [16,24]. However, in an experiment conducted in a dairy housing with slatted floors, a slight decrease in averaged CH   4   emissions was found at increased temperature, whereas the mean temperature per measuring phase ranged from 4 to 15    ∘  C [25]. A notable increase in slurry-based CH   4   emissions has been reported in the literature for temperatures above about 15    ∘  C [26]. However, if the temperature falls below a certain threshold for some time, the subsequent methane emission does not substantially increase anymore with raising temperatures, even for temperatures above the threshold [27]. In consequence, so far it is not conclusively clarified which combination of factors leads to particularly high or low CH   4   emission values.



Correlation analysis is a common tool to identify potential relationships between measurands or model predictions in many research disciplines, including agriculture. In agricultural and environmental studies, it has been used, for example, to link exposure to pesticides and adverse health effects, to explore whether emission values are related to distinct features, or to compare the emission predictions of different modeling approaches [13,28,29,30,31,32]. In many applications, this kind of statistical analysis relies on the widely known Pearson correlation coefficient, which has, however, three major limitations with regard to its applicability [33]: (i) It is based on the assumption that the underlying distributions of the measured variables are normally distributed, i.e., the frequency distribution is approximately Gaussian with vanishing statistical moments of third and higher order. (ii) It focuses on linear relationships and ignores many other types of relationships, i.e., in particular, nonlinear relations might be misinterpreted as independent variables. (iii) It investigates only pairwise relations.



Alternatives are rank correlations, mutual information and cluster analysis, which are less common in agricultural and environmental studies. Rank correlation is a non-parametric equivalent to Pearson correlation. It measures how well any monotonic function describes the relation between two measurands. In this sense, rank correlations such as Spearmanâ€™s rho or Kendallâ€™ tau overcome the first of the above-mentioned issues [34,35]. Mutual information is an information-theoretic measure that assesses the strength of an arbitrary statistical relation between two variables [36,37]. A vanishing mutual information means statistical independence. This measure is not restricted to linear relations and can thus overcome the first two issues with the Pearson correlation indicated above. However, mutual information is not normalized as a correlation, i.e., further statistics are required to define what is non-vanishing mutual information for a particular case. Clustering is an unsupervised machine learning technique to group data points that have similar properties and/or features [38]. Similarity measures such as the Euclidian distances are often used to distinguish cluster affiliations. Cluster analysis is usually intended for dimensionality reduction in large data sets. It does not rely on assumptions on the frequency distribution of the involved data or any linear relationships and can consider multiple variables at a time. In this context, it can also be useful to identify variables that show similar dynamics and thus might be causally interrelated. All of the before-mentioned tools for time series analysis focus on different statistical aspects and differ in the degree of complexity. They are not yet standard in environmental or agricultural research. Thus, the aim of our study was to explore the potential of those tools to compare the characteristics of CH   4   emission data from slatted and solid floor systems. We highlight and discuss differences and similarities in the statistical characteristics of the emissions and their dependencies on the environmental conditions for the two flooring systems. Therefore, we investigate (i) the mutual potential interrelations between CH   4   emissions and meteorological variables, and (ii) the differences between farm locations versus floor effects. In this context, the term farm location incorporates all effects of farm management (including breeds, diets, feeding routines, etc.) as well as local climatic conditions and any systematic bias related to the local measurement setup. We hypothesized that despite the differences related to the farm location, the solid floor systems show a distinct emission pattern that differs considerably from the pattern of slatted floors. The patterns are shaped by environmental factors such as air temperature, wind speed and direction, as well as the time of the day. Our study was intended to obtain a better understanding of under which climatic conditions higher or lower CH   4   emissions can be expected from different flooring systems. Our findings should support the further refinement of measurement and modeling strategies to project future CH   4   emission values from slatted and solid floor systems for different climate situations.




2. Materials and Methods


2.1. Measurement Sites


2.1.1. Switzerland


The experimental dairy housing for emission measurement under consideration is located in north-eastern Switzerland. The building axis is orthogonal to the prevailing wind directions around south-west and north-east. The housing consists of two naturally ventilated compartments, each for 20 lactating cows equipped with three cubicle rows with straw mattresses [39]. Per compartment, the animals’ activity area with aisles and cubicles comprises an area of 16.2 × 14.1 m, of which approx. 154 m   2   are longitudinal and cross aisles [40]. In the northern compartment, the longitudinal aisles were equipped with a slatted floor cleaned by a robot spraying water [41]. The southern compartment has a solid floor cleaned by an automatic manure scraper every two hours. The central area between the housing compartments contains the milking parlor and waiting area as well as technical facilities, office and analytics. The housing is designed with a mono-pitched roof, whereby the eaves height of the compartments is 4 m and the ridge height is 8.2 m. The longitudinal facades are constructed with flexible curtains and in the upper area with spaced boards. During these measurements, the cows had no access to the outdoor exercise areas or to pasture. In both compartments, the herd consisted of Brown Swiss and Swiss Fleckvieh breeds. The cows were milked twice a day at 05:30 and 16:30. They were fed a mixed ration based on grass silage, maize silage, hay, sugar beet pulp silage, protein concentrate, and mineral feed, whereby the proportions varied per season. New portions of the mixed ration were offered at 16:45 after milking. In addition, concentrates rich in energy and protein were fed by automatic concentrate feeders according to the demand of the individual animals. The experimental protocol complied with the Swiss Legislation on Animal Welfare and was approved by the Cantonal Veterinary Office of Zürich (ZH091/15).




2.1.2. Germany


The naturally ventilated barn for dairy cattle is located in North-East Germany (see, e.g., [19] or [32] for further details). A total floor area of 96.15 × 34.2 m splits up into four connected compartments and two walking aisles. The gable height is 10.73 m and the side walls height 4.2 m. The building axis is orthogonal to the main prevailing wind direction, which is nearly south. The long sidewalls are equipped with wind-breaking nets and adjustable curtains. The gable walls incorporate space boards and doors with adjustable curtains as well as a gate each (approx. 16 m   2   in size). The barn had straw-bedded cubicles to accommodate around 370 Holstein-Frisian cows in four groups. The solid concrete aisle floors were cleaned by automatic scrapers every 1.5 h. Cows went out for milking group-wise for about 1 h three times a day. A milking cycle for the whole barn took about 4.5 h. The three milking cycles started approximately at 06:00 a.m., 02:00 p.m. and 10:00 p.m. Feed was provided around 06:45 a.m. and 10:30 a.m. as a total mixed ration consisting of maize silage, grass silage, alfalfa silage, rye silage, wheat straw, sugar beet puree, dried sugar beet pulp, sugar beet molasses, soya extraction grist, rapeseed extraction meal, maize grist, rye grist, lupine grist, further concentrates, feed lime, sodium bicarbonate, and glycerin. Feed components and amounts varied between groups and seasons.





2.2. Estimation of Ventilation Rate and Emission


The estimation of methane emission was based on the assessment of tracer dynamics in both study sites. In the Swiss study site, artificial tracers were used, while the estimation in the German study site relied on CO   2   as a natural tracer. Subsequently, a normalized methane emission   M E   was calculated by dividing by the number and average body mass of the cows and multiplying with the quantity livestock unit (LU = 500 kg body mass equivalent).



2.2.1. Artificial Tracer Approach


The emission calculation was based on the assumption that the ratio of the concentrations of emitted target gas CH   4   (  M C  ) and external tracer gas   T C   corresponds to the ratio of their mass flows (   m ˙  ·   m ˙  T  − 1    ). Thus, the emission (i.e., the mass flow of the target gas) can be calculated following Equation (1):


   m ˙  =   m ˙  T  · M C · T  C  − 1    



(1)







By multiplying with the density of the gas, the mass flow rate can be translated into a volume flow rate. The tracer ratio method, as well as its validation, is documented in the literature [39].




2.2.2. Natural Tracer Approach


The CO   2   production model, published by Pedersen 2002, was used to estimate the average CO   2   output per cow [42]. The estimation is based on the animal heat production at 20    ∘  C depending on the average body mass, the milk yield and the days in milk of the cows in the herd. This heat production and in consequence the CO   2   production was corrected by the average temperature of ambient air (approximated by the measured outdoor temperature in this study).


  Q = N ·  P  C  O 2    · Δ  C  C  O 2    − 1    



(2)







The resulting CO   2   production term   P  C  O 2     is multiplied by the number (N) of cows within the housing system and divided by the measured CO   2   difference   Δ  C  C  O 2      between outgoing and incoming air in order to derive the ventilation rate Q following Equation (2). The value of the emission E was obtained by multiplying the methane concentration difference   Δ  C  C  H 4      between outgoing and incoming air (which corresponds to the background-corrected target gas concentration in the artificial tracer gas approach) with the estimated ventilation rate Q at the same time (which corresponds to the volume flow rate of the CO   2  ).





2.3. Data Collection


The analysis in this study was based on a selection of measurements, which were conducted in the framework of two independent studies—one at the Swiss study site and one at the German study site. In the following subsections, we summarize the key parameters of the measurement setups. We further explain how data were selected from those sets of measurement data in order to homogenize the framework conditions of data collection.



2.3.1. Swiss Study Site


In order to cover the climatic variation over the year, the data collection took place in three seasons: summer (18 July 2017 to 22 July 2017), transition season (2 October 2017 to 6 October 2017) and winter (11 December 2017 to 14 December 2017).



The diluted tracer gases (ppm-range), sulfur hexafluoride (SF   6  ) and trifluoromethylsulfur pentafluoride (SF   5  CF   3  ), were dosed constantly via steel tubes equipped with critical capillaries (hole diameter 30  μ m, Lenox Laser Inc., Glen Arm, MD, USA) next to the aisles to mimic the emission sources. Individual tracer gases were applied in each housing compartment in order to detect any cross contamination between the two compartments. Teflon (PTFE) tubes and critical glass capillaries (hole diameter 250  μ m, Thermo-Instruments, Dortmund, Germany and Louwers, Hapert, The Netherlands) at the height of 2.5 m ensure a representative integrative air sample for each compartment. Background concentration of CH   4   was measured about 30 m south of the housing. Concentrations of CH   4   were analyzed by cavity ring-down spectroscopy (G2301; Picarro Inc., Santa Clara, CA, USA). SF   6   and SF   5  CF   3   concentrations were analyzed by gas chromatography with electron capture detection (GC-ECD, 7890A, Agilent Technologies AG, Basel, Switzerland). Details are given in Mohn et al. (2018) [39].



Wind data were measured at the height of 10 m, 60 m south-west of the housing using a three-dimensional ultrasonic anemometer (Ultra-sonic Anemometer 3D, Adolf Thies GmbH and Co. KG, Göttingen, Germany). At the same position but at the height of 2.5 m, air temperature and relative humidity was measured by a combined sensor device (temperature: PT100/PT1000 sensor; relative humidity: ROTRONIC hygrometerÂ®IN-1; HygroClip2, ROTRONIC AG, Bassersdorf, Switzerland).



Milk yield and consumption of concentrates were documented daily by the herd management software at the individual animal level. Live weight of each cow was determined before and after each measuring period using a measuring tape. For further analysis, we considered 265 (northern compartment) and 264 (southern compartment) hourly values of each variable.




2.3.2. German Study Site


The data set is available in the PUBLISSO repository [43]. It includes data on gas concentration (e.g., of carbon dioxide and methane), temperature and wind velocity collected between 2016-11-01 and 2017-08-30 with at least hourly resolution.



Two high-resolution Fourier Transform Infrared (FTIR) spectrometers (Gasmet CX4000, Gasmet Technologies Inc., Karlsruhe, Germany) sequentially monitored gas concentrations from ten sampling lines (four outside, six inside the building) positioned at a distance of 4 to 8 m from the walls. One of the lines was placed in the barnâ€™s center below the roof, the other lines at 3.2 m height. Out of the four sample lines outside the building, the line with the lowest CO   2   value was selected to represent outdoor gas concentrations for the background correction of CO   2   and CH   4   concentrations. The average of the six individual sample lines inside the building was calculated to represent the indoor concentration. All sample lines were made of Teflon tubes with an inner diameter of 6 mm and an orifice with a capillary trap every 8â€“10 m to ensure constant volume flow through all orifices.



Air temperature was measured at a distance of 5 m from the building with an EasyLog USB 2+ sensor (Lascar Electronics Inc., Whiteparish, UK). Wind velocity was obtained from a three-dimensional ultrasonic anemometer (Windmaster Pro ultrasonic anemometer, Gill Instruments Limited, Lymington, Hampshire, UK) at the roof of the building at about a 12 m height.



Animal data (number, mass and milk yield of cows) were provided as daily herd average by the barnâ€™s administration.



For the analysis in this study, we selected a subset of data between 11 December 2016 and 14 December 2016, between 2 April 2017 and 6 April 2017 and between 18 July 2017 and 22 July 2017 in order to consider a similar amount of data in summer, winter and the transition season as in the other data set. Compared with the measurement dates in the Swiss data set, the spring measurements were replaced by autumn measurements. The number of measurement days was equal, while slightly more measurement hours were included than in the Swiss data set. In total, 275 hourly values of each variable were included here.





2.4. Data Analysis


We used the open source software package R version 4.0.0 for the subsequent data analysis and plotting.



2.4.1. Histograms and Statistical Moments


We used histograms to illustrate differences among the three locations in the frequency density distribution of the individual environmental variables and the CH   4   emission values. In addition to this visual inspection, we calculated higher-order statistical moments in order to quantify how close or far the distributions are to/from a normal distribution (which is the underlying assumption for Pearson correlation calculation and many statistical tests). Here, we focused on the skewness and the kurtosis. Skewness is a measure of asymmetry of the distribution. A left-skewed distribution means that the tail of the distribution is longer on the left because there are more low values. In contrast, a right-skewed distribution has a longer tail at the right side of the distribution because there are more high values. Kurtosis measures the width of the tail of the distribution. A higher value of kurtosis means that more extreme values must be expected. In the case of normally distributed values, both of these moments should vanish.




2.4.2. Convection Regimes


The airflow pattern and, in consequence, the local air exchange and the emission are influenced by the interaction of buoyancy (determined by local temperature gradients) and kinetic forces (determined by the wind magnitude). Three regimes are typically distinguished: The natural convection with dominating buoyancy forces, the forced convection with dominating kinetic forces and the mixed convection with both forces being approximately on par. Although the transition between the convection regimes is smooth, the Richardson number (  R i  , see Equation (3)) can be used to roughly distinguish between the three types.


  R i = 2  g  L   (  T s  −  T  i n   )     (  T s  +  T  i n   )   − 1     U  − 2   ,  



(3)







Here, g is the gravitational acceleration (  9.81   m s    − 2   ). Moreover, following Doumbia et al. [44],   T s   is the solid temperature (i.e., the cow temperature assumed as   311.15   K),   T  i n    is the inlet air temperature (approximated with the outdoor measurements here), L is the characteristic length scale (assumed as 2.4 m) and U is the inlet velocity (approximated here by the outdoor wind measurements at a 10–12 m height) (cf. [44]). Ri values below 0.2 were classified as forced convection, values above 5 were classified as natural convection. Values between 0.2 and 5 were associated with mixed convection.




2.4.3. Pairwise Statistical Relations


Rank correlations can be understood as a generalization of the common Pearson product moment correlation. In contrast to the Pearson phrasing and understanding of correlation, rank correlations are not restricted to linear relationships. This means they describe a slightly different type of correlation but are also defined in the interval [−1, 1]. Perfect positive correlation is indicated by the value 1, and −1 refers to a perfect negative correlation. Rank correlation usually makes the derived coefficient less sensitive to non-normality of distributions. Spearmanâ€™s rank correlation quantifies the relationship between the ranks of two random variables X and Y, which correspond to two time series x and y (see Equation (4)).


  ρ = ϵ  [  (  R x  − ϵ  [  R x  ]  )   (  R y  − ϵ  [  R y  ]  )  ]  ϵ  [   (  R x  − ϵ  [  R x  ]  )   − 2   ]  ϵ  [   (  R y  − ϵ  [  R y  ]  )   − 2   )   ] ,   



(4)




where   R x   and   R y   are the ranked sets of X and Y. The   ϵ [ a ]   (with a either   R x   or   R y  ) refers to the expectation value   ∑   a i   p  (  a i  )     with   p (  a i  )   being the probability of   a i   occuring. Here, we used the R function ‘cor’ with the method ‘spearman’.



Kendallâ€™s rank correlation counts and compares the number of concordant and discordant pairs in the rank sets of the two random variables (see Equation (5)). We used the Tau-b formulation of this rank correlation, which explicitly considers ties in the sets (i.e.,   T x   and   T y  ).


   τ b  = 2   (  n c  −  n d  )     (  (  n 0  −  T x  )   (  n 0  −  T y  )  )   − 1 / 2   ,  



(5)




where   n c   is the amount of concordant pairs,   n d   is the number of discordant pairs,   T x   and   T y   are the numbers of ties in the two sets and    n 0  = 0.5  n   ( n − 1 )    is the possible number of pairs in a sample with n observations. In this phrasing, perfect correlation can only be achieved if there are no ties. We used the R function ‘cor’ with the method ’kendall’.



Mutual information is an information-theoretic measure that quantifies the amount of information that two random variables X and Y share. Therefore, it determines the difference between the joint entropy of the pair   ( X , Y )   and the sum of the marginal entropies of X and Y (see Equation (6)).


  M I = H ( X ) + H ( Y ) − H ( X , Y ) ,  



(6)




where H is the Shannon entropy. Here, we used the R function ‘mutinformation’ from the ‘infotheo’ package on discretized datasets. The Schurmann–Grassberger algorithm was chosen to estimate the entropy from a Dirichlet probability distribution.



In order to assess the significance of the derived value for the indicator I of statistical dependency (i.e., Spearman correlation coefficient, Kendall correlation coefficient or mutual information), we compare it to typical values for statistically independent variables. Therefore, we consider surrogate data for the time series x and y, which have the same number of data points, the same mean value and the same standard deviation as the original time series. The surrogates are pulled from a Gaussian distribution. We consider 5000 realizations of the surrogates. Then, we count how often the absolute value of the indicator for the surrogates   I  s u r    is larger than the indicator for the original time series pair   I  o r g    (i.e.,    I  s u r   ≥  I  o r g    , if    I  s u r   > 0   and    I  s u r   ≤  I  o r g    , if    I  s u r   < 0  ). The share of this count relative to the total number of realizations corresponds to the p-value of   I  o r g   .




2.4.4. Clustering


For the cluster analysis, we considered the sinus transformed values of the cyclic variables wind direction (with a period of 360   ∘  ) and daytime (with a period of 24 h). We defined for each time point a vector containing all variable values (i.e., temperature, wind speed, sinus of wind direction, sinus of time of the day, methane concentration and methane emission) available at that time. This data frame was scaled by subtracting the mean values and dividing by the standard deviations in order to obtain a normalized set. We employed the k-means clustering algorithm, which groups the data frame into a predefined number of clusters by aiming to minimize the sum of squares within each cluster relative to the total sum of squares. Here we used the k-means function in R, which builds on the Hartigan–Wong algorithm. By looking at how the total within-cluster sum of squares changes with the number of clusters, a suitable number of clusters can be selected. Therefore, we varied the number of clusters from 1 to 24 and selected the number of clusters where the curve of the sum of squares started to flatten.



Once a suitable number of clusters was selected, we visualized the pairwise cluster association according to the k-means algrorithm with that number of clusters as color-coded scatter plots. In addition, we calculated the Spearmen’s rank correlations for each cluster again. The rank correlations are shown along with the clusters affiliations using the same color-coding and are sorted from low-emission to high-emission clusters (defined by the median methane emission of the individual clusters).






3. Results


3.1. Individual Characteristics


This section reviews feed and milk-related characteristics of the two farm locations and compares the frequency density distributions of the CH   4   emission values as well as of the air temperature and wind speed in the three data sets. The analysis of the first four statistical moments indicates high non-normality in all cases. It further highlights that skewness and kurtosis of the CH   4   emission distribution are the moments that are most affected by the flooring system, while the other moments are more strongly related to the environmental conditions. Differences in the environmental conditions at the two farm locations are reflected in deviations between the higher-order moments of the temperature and wind speed distributions and in the frequency of different convection regimes.



3.1.1. Feeding and Milk Yield


As enteric CH   4   emissions are strongly influenced by dry matter intake, feed composition and thus metabolic processes in rumen, we compared feeding-related values and energy corrected milk at the two farms for the three seasons considered in this study. An overview is provided in Table 1. Energy corrected milk per cow, dry matter intake, percentage of concentrate, crude protein content and net energy lactation were in general higher in the German farm, while the content of neutral detergent fiber was much higher in the Swiss diet. In general, the reported fluctuations over the seasons were slightly larger in the Swiss farm.




3.1.2. CH   4   Emissions


The average of the CH   4   emission value was highest in the housing compartment with slatted floors in Switzerland and lowest in the housing with solid floors in Germany (see Table 2 and Figure 1). The compartment with slatted floors had on average about 22% higher emissions than the compartment with a solid floor at the same location. On the other hand, the two housings with solid floor differed even more, where the compartment in Switzerland had on average about 31% higher CH   4   emissions. A similar trend was observed for the standard deviation of the CH   4   emission values: The value for the slatted floor compartment was about 37% higher than for the solid floor compartment in Switzerland, but the value for the solid floor compartment in Switzerland was again about 75% higher than the value for the solid floor housing in Germany. Focusing on the absolute values of skewness, we see an analog trend: The absolute value for the slatted floor housing was about 126% more than the one for solid floor housing in Switzerland, but the absolute value for the solid floor system in Switzerland was 355% more than for the solid floor system in Germany. For the kurtosis, we observed a slightly different trend where the slatted floor compartment in Switzerland had a value that was 109% more than that of the solid floor compartment in the same location, while the value for the solid floor housing in Switzerland was only 37% higher than for the solid floor housing in Germany. The higher-order moments, skewness and kurtosis, particularly highlighted the differences between slatted and solid floor systems: all three distributions were little to moderately skewed. However, the slatted floor compartment showed a distribution of CH   4   emission values that was right-skewed (i.e., the mean was higher than the peak values), while the solid floor systems showed left-skewed distributions. This means higher emission values were more frequent in the slatted floor system than in the solid floor systems. Moreover, the tail of the distribution was much broader for the slatted floor system compared to the solid floor systems as indicated by a kurtosis that was nearly twice as high. This means that extreme emission values were more likely in the slatted floor system than in the solid floor systems.




3.1.3. Environmental Conditions


The distributions of temperature and wind speed were more similar among the two locations than the distributions of the emission values (see Figure 2 in comparison to Figure 1). The mean and the standard deviation of the temperature distribution were slightly higher in the Swiss data set (i.e., about 11% and 14%, respectively, for the mean and about 26% for the standard deviation, see Table 2). Moreover, the temperature in the Swiss data set was little left-skewed, while the temperature in the German data set was little more right-skewed. Kurtosis of the temperature distribution was nearly the same for all locations. Kurtosis was, however, far from vanishing, indicating some non-normality also in the temperature distribution.



Furthermore, the mean and standard deviation of the wind speed were considerably larger in the Swiss data set (i.e., about 69% and 67%, respectively, for the mean and about 105% and 88%, respectively, for the standard deviation, see Table 2). The wind speed distribution was in all cases right-skewed, but the skewness was much higher in the Swiss data set (with about 129% and 80%, respectively, higher values of the skewness compared to the German dataset). Furthermore, the kurtosis of the wind speed distribution was about twice as high in the Swiss data set compared to the German one.



The relation between air temperature and wind speed characterizes the convection regime. A rough classification can be obtained using the Richardson number Ri, which indicated that in all three data sets, mixed convection was the dominating regime. In the Swiss data sets, however, forced convection driven by the strong winds was about twice as frequent as in the German data set. On the other hand, natural convection conditions characterized by high temperature gradients and low wind speeds occurred about twice as often in the German data set.





3.2. Pairwise Statistical Relations


Next, we investigated the statistical dependency between the CH   4   emission value or CH   4   concentration versus air temperature or wind speed (for the entire dataset and for the subsets in Table 3 which are associated with the different convection regimes). Since, as described in the previous section, all frequency distributions showed some non-normality, we focused on rank correlations instead of Pearsonâ€™s moment correlation. Kendallâ€™s phrasing of correlation resulted, in general, in lower correlation values than the phrasing of Spearman (cf. Table 4 and Table 5). However, none of the two tested rank correlations (Spearmanâ€™s rho and Kendallâ€™s tau) indicated any statistically significant relation. All p-values were much larger than the significance level of   0.05  . The largest absolute values among the correlation coefficients were obtained for the relation between temperature and CH   4   emission under forced convection in the German housing (  ρ = 0.69  ), the relation between wind speed and CH   4   emission under forced convection in the German housing (  ρ = 0.61  ), the relation between temperature and CH   4   concentration under mixed convection in the Swiss housing with solid floor (  ρ = − 0.60  ) and for the relation between wind speed and CH   4   concentration in the slatted floor housing at the Swiss farm considering all convection regimes (  ρ = − 0.57  ). In contrast to the behavior of the frequency distributions, the rank correlations involving the CH   4   emissions showed no clear trend, which could be associated with the flooring system or the housing location.



In contrast to the rank correlations, mutual information, which evaluates statistical dependency in a broader sense, indicated in most cases a highly significant dependency, i.e., at a significance level of   0.01  , when the data were not split into convection regimes (see Table 6). Only the relation between wind speed and CH   4   emission did not reach the significance level of   0.05  . When looking at the individual convection regimes, the significance of the statistical dependency decreased (particularly in the case of natural convection). The statistical association between CH   4   emission and air temperature and wind speed was in general larger in the German data set than in the two from Switzerland. In total, the relation between wind speed and emission appeared to be the least significant. For the association of temperature and wind speed with the CH   4   concentration, there was no clear trend.




3.3. Clustering


The variation of the sum of squares within the cluster depending on the number of clusters was very similar for all three data sets, as can be seen in Figure 3. The curve did not reveal a clear break point, but around a number of five clusters the curves started to flatten (i.e., the value of the sum of squares within the clusters was only slightly reduced when adding more clusters).



Since the interpretation of individual clusters becomes more challenging with increasing number of clusters, we decided to stay with five clusters for further analysis. We numbered the clusters according to the median emission value within the individual clusters (from 1 for the lowest emission to 5 for the highest emission, see Table 7) and show color-coded scatter plots in the lower triangle of Figure 4, Figure 5 and Figure 6 accordingly.



In Figure 4, we show the results from the Swiss data set with slatted floor, and in Figure 5, the results from the Swiss data set with solid floor. Although the clusters were not well separated, we found distinct patterns. There was only a weak diurnal cycle in these data sets, which is mainly associated with the diurnal cycle of air temperature. While the patterns of CH   4   concentration were rather similar for both data sets, the pattern for CH   4   emission differed considerably (particularly in relation to air temperature and wind speed). Very low CH   4   concentrations and emissions are visible during the two milking times due to the absence of the animals in the compartment.



In Figure 6, we show the results from the German data set, which is associated with a solid floor. As in the other two data sets, we observed some overlapping of the clusters but distinct patterns. In contrast to the Swiss data sets, we found a pronounced diurnal cycle in the emission pattern. This was not only associated with the temperature cycle but also with a weak diurnal cycle of wind speed and wind direction.



The calculated pairwise rank correlations within the five clusters varied considerably from cluster to cluster, as shown in the upper triangles of Figure 4, Figure 5 and Figure 6. We noticed that even with clustering, no significant correlation was found.



Taking a closer look at the individual clusters, we found that the five clusters were associated with typical temperature and wind conditions. In general, in each data set we found one cluster associated with high temperatures and low wind speeds. In the data set with slatted floors, this was cluster 4 (i.e., intermediate emission values), while in the data sets with solid floors, it was cluster 1 (i.e., low emission values). Furthermore, we always identified one cluster with high temperatures and moderate wind speeds. This cluster was in all cases associated with cluster 5 (i.e., high emission values). Another cluster was in all cases associated with low temperatures and higher wind speeds. This was cluster 1 in the Swiss data set with slatted floors, cluster 4 in the Swiss data set with solid floors and cluster 3 in the German data set. This means solid floors had rather intermediate emission values and slatted floors had the lowest emissions. Moreover, we found one cluster associated with lower temperatures and lower wind speeds. This was cluster 3 in the Swiss data sets and cluster 4 in the German data set. Again, in all cases, this cluster involved rather intermediate emission values. Finally, the last cluster involved low to intermediate wind speeds and a rather wide temperature range in all data sets. This group involves cluster 2 for all the data sets. This means all cases had rather low emission values.





4. Discussion


4.1. Differences in CH   4   Emissions between Farm Locations


The means of CH   4   emissions for both locations as well as for the two floor systems are within the range of literature values of comparable investigations and a meta-analysis [12,14,45]. However, the average CH   4   emissions for the compartment with the solid floor at the Swiss farm are around 30% higher compared to the German farm (see Table 2).



A substantial part of this deviation can be associated with different feeding strategies. According to the models, around 80% of the CH   4   emissions in dairy housings originate from enteric fermentation [14]. CH   4   is produced in the final phase of the fermentation process of plant cell walls in the rumen [46]. By increasing the amount of concentrate in the diet, the ruminal microbial efficiency and in consequence CH   4   per unit of gross energy intake decrease [47]. When considering the differences in the diets of the two locations, it is noticeable that the proportion of concentrates in dry matter of the German farm is more than twice as high compared to the Swiss farm (see Table 1). Analogously, the amount of neutral detergent fiber in the diet was higher on the Swiss farm. Numerous investigations and models describe that a higher proportion of concentrate in the diet leads to a reduction in CH   4   emissions per cow [46,47,48,49,50].



The remaining part of the deviation between the two farm locations may be attributed to uncertainties of any or both measurement approaches (i.e., artificial versus natural tracer ratio method). For example, Qu et al. concluded from a meta-analysis that measurement methods could have a significant impact on the CH   4   emission estimates [51]. Moreover, Edouard et al. reported that CO   2   balancing led in general to about 10% lower ventilation rate estimates compared to the artificial tracer method [52]. Finally, there are uncertainties related to the slightly different sampling strategies to determine indoor methane concentration.




4.2. Effect of Floor Type and Climate Parameters on CH   4   Emissions


While excrement-based CH   4   emissions have a minor contribution in solid floor systems, in our study, the slurry storage underneath the slats seems to be an important source of CH   4   emissions. Within the Swiss dairy housing, the averaged CH   4   emissions from the compartment with slatted floors were more than 20% higher compared to those from the compartment with solid floors (see Table 1). In contrast to our findings, in a meta-analysis, Poteko et al. found no significant difference in CH   4   emissions between solid and perforated floors [12]. With regard to mitigation measures, Monteny et al., however, indicated slurry storage inside the housing as a relevant CH   4   emission source [16]. Furthermore, a significant temperature effect on CH   4   emissions is reported in the literature [12,53]. Following the Arrhenius law, the CH   4   emissions from the slatted floor system with slurry storage in the housing are expected to increase exponentially with increasing ambient temperature. A notable increase in slurry-based CH   4   emissions has been reported for temperatures above about 15    ∘  C [26]. Since the temperature distribution in the three data sets is rather symmetric and the average is only slightly below 15    ∘  C, the higher emissions from the slatted floor system compared to the solid floor systems must be expected. Moreover, if the wind speed near the active emission surface increases, the thickness of the boundary layer between slurry and atmosphere and in consequence the resistance of diffusive gas transfer from the manure to the atmosphere decreases, which leads to higher local emission rates for slurry-based CH   4   [23]. If the active emission surface is larger, as in the slatted floor system with slurry storage inside the housing compared to the solid floor system, the wind effect is larger. This is also in line with the observed differences in the average emission values of the slatted and solid floor systems.




4.3. Statistical Association and Clustering


While there was no significant rank correlation between the environmental variables (i.e., air temperature and wind speed) and the CH   4   concentration or emission, we found that there was still a significant share of information indicating a statistical dependency. There was, however, no clear prevalence for a floor system regarding the strength of the statistical relation between environmental variables and CH   4   concentration or emission. This might be related to the dominant influence of enteric CH   4   emissions in comparison to the slurry-based emissions [14,15]. The absence of significant rank correlations in the presence of significant mutual information is a strong indication for a nonlinear and even non-monotonic relation. It is further an indication for an indirect relation mediated probably by multiple behavioral, physiological and microbiological responses to the environmental changes. This is inline with recent findings that microclimatic conditions and housing management induce variations in daily CH   4   emission patterns [54]. Moreover, there is likely an effect of nonlinear changes in the airflow pattern related to the switching between convection regimes since the airflow pattern affects the representativity of individual gas sampling locations and in consequence the accuracy of the derived concentration and emission values. We found that in our data sets, the significance of the mutual information was particularly low under natural convection. This might be related to the fact that gas sampling setups are typically optimized for the flow pattern under the dominating mixed convection, from which the pattern under natural convection strongly deviates. In consequence, larger inaccuracies in the measured concentration/emission values can be expected under natural convection (cf., e.g., [55]). In addition to the low significance of mutual information under natural convection, we found no clear trend among the different convection regimes. This might be related to the very rough definition of the convection switching points. In particular, the wind speed values, which were used for the calculation of the Richardson number in this study, were not directly taken from the inlet of the housing. Moreover, we partly observed a loss of significance in the “natural”, “forced” and “mixed” subsets compared with the data sets with all convection regimes, which indicates that the number of data points in the convection regime-related subsets might be too small to draw general conclusions.



Nevertheless, the clustering highlighted a relation between air temperature, wind speed (i.e., the convection type) and the typical CH   4   emission strength.



For example, the cluster with the highest CH   4   emissions was associated with the highest temperatures (i.e., low-temperature gradients between cows and ambient air) as well as moderate wind speeds. This is in line with state-of-the-art knowledge that high temperatures boost the CH   4   emission release from active emission surfaces. In addition, the induced forced convection in the framework of such environmental conditions promotes airflow patterns that can efficiently remove pollutant air. This is further supported by the fact that within this cluster, we mainly found wind directions that nearly induce a cross-flow. In the German data set, the prevailing wind direction from the north also means a potential additional entry of CH   4   from the nearby milking parlor and other dairy buildings.



In contrast, in the cluster where the temperature is low but the wind speed is still high, a situation of mixed convection must be assumed. This cluster was also rather associated with wind direction, indicating cross-flow conditions. These two aspects typically result in rather homogeneous flow patterns without pronounced zones of gas trapping. In addition, pollutant air can be removed here effectively. However, this cluster led to considerably lower emission values, particularly in the data set with the slatted floor. This can be well explained by the fact that the slurry-based CH   4   release is very low at the low temperatures, while with an average temperature between 5 and 10   ∘  , no significant increase in the enteric CH   4   release can be expected.



On the other hand, the other three clusters that were associated with rather low wind speeds would in a first approximation be expected to result in very low emissions. This was, however, not true for all the clusters. For example, the case with high temperature and low wind speed was associated with the lowest emissions for the solid floor systems but not for the slatted floor system. Here, the strong effect of exponential increase in slurry-based emissions with raising temperatures probably overcompensated for the effect of gas trapping due to low wind speeds and wind directions far from cross-flow conditions. Another example is the case with low temperature and low wind speed, which resulted on average in rather high CH   4   emissions. The related temperature range does not imply a strong increase in CH   4   emissions from enteric fermentation, so the higher emissions cannot be explained by stronger local CH   4   release. However, the combination of low temperature and low wind speed indicates a shift towards natural convection, which is associated with completely different airflow patterns.





5. Conclusions


We confirmed our main hypothesis that slatted and solid floor systems show different CH   4   emission patterns. As expected, the average emission from the slatted floor system was the highest. The difference between the two farm locations with solid floors was, however, about 7% higher than the difference between the two floor systems in the Swiss farm. This is an indication of the effect of enteric CH   4  , which plays a significant role in the CH   4   emission level. We further found that the frequency distributions of the emission values in all three data sets were highly non-normal, indicating that Pearson correlation analysis might be misleading. The mean and the standard deviation of the emission distribution were mainly influenced by the location of the barn, while the skewness and kurtosis were more influenced by the flooring system.



While there was an obvious divergence between the geographical locations, we obtained only low values of the rank correlation measures, which evaluate the strength of a linear relationship between two sets of ranks. Moreover, at the given significance level these statistical measures could not distinguish whether or not coincidences between CH   4   concentrations or emission values and air temperature or wind speed were nonrandom. On the other hand, the mutual information, which does not look for monotonic functional relations but for shared information in the time series, indicated highly significant relations for almost all variable pairs except for the case of wind speed versus CH   4   emission.



Our study succeeded in its aim to provide a basis for the selection of the most important environmental variables for future CH   4   emission projections in the following sense: The temperature was highlighted as particularly relevant for both soil types, while wind speed alone did not prove to be decisive. The clustering analysis, however, revealed that in the interplay with temperature there is still a relation between wind speed and emission strength.



Clustering was consistent among the three data sets, indicating the following five typical clusters: (1) high temperature and moderate wind speed with prevalence for high CH   4   emissions, (2) low temperature and high wind speed with intermediate emission strength in the solid floor systems and low CH   4   emission strength for slatted floor, (3) low temperature and low wind speed with intermediate CH   4   emission strength, (4) high temperature and low wind speed with low CH   4   emission strength in the solid floor systems but intermediate CH   4   emission strength in the slatted floor systems as well as (5) moderate temperatures and low wind speeds with prevalence for low CH   4   emissions. The first two mentioned clusters can be easily explained by the effect of high temperatures and increased diffusion at high wind speeds, which amplify the slurry-based emissions. The behavior in the last two clusters is more complex and likely a result of the competing, contradicting influences of high temperature and high diffusive resistance at low wind speeds. The behavior of the third mentioned cluster, finally, seems to be rather related to the airflow pattern in the barn that emerges from specific combinations of temperature and wind speed.



Further research with larger data sets capturing a broader range of environmental conditions and inter-farm-variability is advisable to confirm the observed trends. In future work, it will also be valuable to measure and quantify factors related to farm animals in addition to describing the interaction between the biological characteristics of cows on farms and environmental factors.
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Abbreviations


The following abbreviations and symbols are used in this manuscript:



	NVH
	naturally ventilated housings



	CH   4  
	methane



	SF   6  
	sulfur hexafluoride



	SF   5  CF   3  
	trifluoromethylsulfurpentafluoride



	CO   2  
	carbon dioxide



	PTFE
	polytetrafluorethylen (i.e., teflon)



	FTIR
	Fourier transform infrared



	LU
	livestock unit (500 kg body mass equivalent)



	N
	number of animals in the housing



	P    C O 2   
	carbon dioxide production



	   m ˙  T  
	mass flow of tracer gas



	  m ˙  
	mass flow of target gas methane



	Q
	ventilation rate



	TC
	concentration of tracer gas



	MC
	concentration of target gas methane



	ME
	normalized emission of target gas methane



	T
	ambient air temperature



	  W S  
	inflow wind speed



	  W D  
	inflow wind direction



	  D T  
	hour of the day



	S
	Swiss study site



	G
	German study site



	R   i  
	Richardson number (ratio of buoyancy to shear forces)



	 ρ 
	Spearman’s rank correlation



	 ϵ 
	expectation value



	  R x  
	ranked set of random variables set X



	  τ b  
	Kendall’s rank correlation



	  T x  
	ties in the set of random variables set X



	  n c  
	concordant pairs



	  n d  
	discordant pairs










	   n 0   
	possible number of pairs given n observations



	   M I   
	mutual information



	H
	Shannon entropy



	I
	indicator (either  ρ ,   τ b   or MI)
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Figure 1. Histograms showing the density distributions of CH   4   emission per livestock unit (LU) in the three datasets: (a) compartment with slatted floor at Swiss farm, (b) compartment with solid floor at Swiss farm, and (c) building with solid floor at German farm. Breaks were set from 0 to 100 in steps of 1 for the binning. 
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Figure 2. Histograms showing the density distributions of air temperature (upper row) and wind speed (lower row) in the three data sets: (a,d) compartment with slatted floor at Swiss farm, (b,e) compartment with solid floor at Swiss farm, and (c,f) building with solid floor at German farm. Breaks were set from −10 to 40 in steps of 5 for the binning of the temperature data and from 0 to 16 in steps of 1 for the binning of the wind data. 
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Figure 3. Clustering of normalized sets of environmental variables and CH   4   concentration and emission. Variation of the total sum of squares within the clusters depending on the number of clusters using the k-means algorithm for all three data sets. 
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Figure 4. Clustering of air temperature (T) in    ∘  C, wind speed (WS) in m s    − 1   , wind direction (WD) in    ∘  , daytime (DT) in h, CH   4   concentration (MC) in ppm and CH   4   emission (ME) in g h    − 1    LU    − 1    in the data set of the slatted floor system in Switzerland. The abbreviations on the diagonal indicate which variables are displayed at the axes in the respective row and column of the plot. Cluster affiliation is color-coded in the scatter plots in the lower triangle in violet, blue, green, orange and red (ordered from low median of emission to high median of emission in the cluster). The upper triangle shows the related Spearman’s rank correlation values for the individual clusters in the same color-coding. 
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Figure 5. Clustering of air temperature (T) in    ∘  C, wind speed (WS) in m s    − 1   , wind direction (WD) in    ∘  , daytime (DT) in h, CH   4   concentration (MC) in ppm and CH   4   emission (ME) in g h    − 1    LU    − 1    in the data set of the solid floor system in Switzerland. The abbreviations on the diagonal indicate which variables are displayed at the axes in the respective row and column of the plot. Cluster affiliation is color-coded in the scatter plots in the lower triangle in violet, blue, green, orange and red (ordered from low median of emission to high median of emission in the cluster). The upper triangle shows the related Spearman’s rank correlation values for the individual clusters in the same color code. 
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Figure 6. Clustering of air temperature (T) in    ∘  C, wind speed (WS) in m s    − 1   , wind direction (WD) in    ∘  , daytime (DT) in h, CH   4   concentration (MC) in ppm and CH   4   emission (ME) in g h    − 1    LU    − 1    in the data set of the solid floor system in Germany. The abbreviations on the diagonal indicate which variables are displayed at the axes in the respective row and column of the plot. Cluster affiliation is color-coded in the scatter plots in the lower triangle in violet, blue, green, orange and red (ordered from low median of emission to high median of emission in the cluster). The upper triangle shows the related Spearman rank correlation values for the individual clusters in the same color code. 
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Table 1. Milk yield and feed composition for each site (i.e., S = Switzerland, G = Germany) and the different seasons (i.e., Wi = winter, Sp = spring, Su = summer and Au = autumn).
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Site

	
S

	
S

	
S

	
G

	
G

	
G




	
Season

	
Wi

	
Au

	
Su

	
Wi

	
Sp

	
Su






	
Energy-corrected

	

	

	

	

	

	




	
milk per cow (kg day    − 1   )

	
32.4

	
33.8

	
27.7

	
37.3

	
37.4

	
37.0




	
Dry matter

	

	

	

	

	

	




	
intake per cow (kg day    − 1   )

	
21.1

	
21.6

	
20.9

	
26.6

	
26.0

	
26.7




	
Percentage of concentrate

	

	

	

	

	

	




	
(% of dry matter)

	
20.4

	
17.2

	
20.0

	
42.3

	
42.1

	
42.3




	
Crude protein

	

	

	

	

	

	




	
(g kg    − 1    of dry matter)

	
168

	
168

	
163

	
173

	
166

	
167




	
Neutral detergent fiber

	

	

	

	

	

	




	
(g kg    − 1    of dry matter)

	
362

	
360

	
445

	
292

	
338

	
346




	
Netto energy lactation

	

	

	

	

	

	




	
(MJ kg    − 1    of dry matter)

	
6.6

	
6.6

	
6.3

	
7.2

	
7.2

	
7.1
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Table 2. Statistical moments associated with the probability density distributions of CH   4   emission (ME) in g h    − 1    LU    − 1   , ambient air temperature (T) in    ∘  C and the magnitude of the approaching wind (WS) in m s    − 1    for three naturally ventilated dairy housings. The same number of days per season was considered in all three cases. Due to some missing values, the total number of values in the hourly data sets varied between 265 (Swiss Slatted Floor), 264 (Swiss Solid Floor) and 275 (German Solid Floor). Here, SD refers to the standard deviation of the distribution and CV refers to the coefficient of variation, i.e., the ratio of standard deviation to the mean.






Table 2. Statistical moments associated with the probability density distributions of CH   4   emission (ME) in g h    − 1    LU    − 1   , ambient air temperature (T) in    ∘  C and the magnitude of the approaching wind (WS) in m s    − 1    for three naturally ventilated dairy housings. The same number of days per season was considered in all three cases. Due to some missing values, the total number of values in the hourly data sets varied between 265 (Swiss Slatted Floor), 264 (Swiss Solid Floor) and 275 (German Solid Floor). Here, SD refers to the standard deviation of the distribution and CV refers to the coefficient of variation, i.e., the ratio of standard deviation to the mean.





	Parameter
	Site
	Floor Type
	Mean
	SD
	CV
	Skewness
	Kurtosis





	ME
	Switzerland
	Slatted
	18.23
	6.79
	0.37
	1.13
	7.68



	ME
	Switzerland
	Solid
	14.95
	4.96
	0.33
	−0.50
	3.68



	ME
	Germany
	Solid
	11.44
	2.84
	0.25
	−0.11
	2.68



	T
	Switzerland
	Slatted
	13.93
	8.05
	0.58
	−0.08
	2.05



	T
	Switzerland
	Solid
	14.31
	8.02
	0.56
	−0.13
	2.07



	T
	Germany
	Solid
	12.55
	6.34
	0.51
	0.23
	2.19



	WS
	Switzerland
	Slatted
	3.05
	2.63
	0.86
	1.49
	5.56



	WS
	Switzerland
	Solid
	3.01
	2.41
	0.80
	1.27
	4.53



	WS
	Germany
	Solid
	1.80
	1.28
	0.71
	0.65
	2.54
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Table 3. Frequency of observed convection regimes for three naturally ventilated dairy housings.






Table 3. Frequency of observed convection regimes for three naturally ventilated dairy housings.





	Site
	Floor Type
	Forced Convection
	Mixed Convection
	Natural Convection





	Switzerland
	Slatted
	0.40
	0.50
	0.10



	Switzerland
	Solid
	0.42
	0.49
	0.09



	Germany
	Solid
	0.21
	0.57
	0.22
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Table 4. Spearman’s rank correlation between air temperature (T), wind speed (  W S  ), CH   4   emission (  M E  ) and CH   4   concentration (  M C  ). For each site (i.e., S = Switzerland, G = Germany) and flooring system, the correlation was calculated based on all data as well as based on subsets associated with the regimes forced, mixed and natural convection. p-values in brackets indicate the exceedance probability of normally distributed random variable sets (see Section 2.4.3).
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	Site
	Floor
	Regime
	T, ME
	T, MC
	WS, ME
	WS, MC





	S
	Slatted
	All
	0.22 (p = 0.51)
	−0.41 (p = 0.50)
	−0.02 (p = 0.44)
	−0.57 (p = 0.50)



	
	Slatted
	Forced
	0.28 (p = 0.50)
	−0.48 (p = 0.51)
	−0.25 (p = 0.50)
	0.01 (p = 0.44)



	S
	Slatted
	Mixed
	0.14 (p = 0.50)
	−0.44 (p = 0.49)
	−0.04 (p = 0.45)
	−0.33 (p = 0.49)



	S
	Slatted
	Natural
	0.24 (p = 0.48)
	−0.43 (p = 0.50)
	−0.22 (p = 0.47)
	−0.06 (p = 0.43)



	S
	Solid
	All
	−0.08 (p = 0.48)
	−0.49 (p = 0.50)
	0.12 (p = 0.50)
	−0.39 (p = 0.51)



	S
	Solid
	Forced
	0.00 (p = 0.44)
	−0.55 (p = 0.48)
	−0.01 (p = 0.45)
	0.06 (p = 0.45)



	S
	Solid
	Mixed
	−0.19 (p = 0.49)
	−0.60 (p = 0.49)
	0.08 (p = 0.47)
	−0.03 (p = 0.43)



	S
	Solid
	Natural
	0.32 (p = 0.49)
	−0.52 (p = 0.49)
	−0.20 (p = 0.47)
	−0.13 (p = 0.45)



	G
	Solid
	All
	0.24 (p = 0.50)
	0.11 (p = 0.50)
	0.22 (p = 0.50)
	0.09 (p = 0.47)



	G
	Solid
	Forced
	0.69 (p = 0.51)
	0.39 (p = 0.50)
	−0.61 (p = 0.51)
	−0.31 (p = 0.49)



	G
	Solid
	Mixed
	0.14 (p = 0.50)
	0.07 (p = 0.47)
	0.02 (p = 0.44)
	0.03 (p = 0.44)



	G
	Solid
	Natural
	−0.09 (p = 0.45)
	−0.04 (p = 0.43)
	0.26 (p = 0.50)
	0.01 (p = 0.45)
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Table 5. Kendall’s rank correlation between air temperature (T), wind speed (  W S  ), CH   4   emission (  M E  ) and CH   4   concentration (  M C  ). For each site (i.e., S = Switzerland, G = Germany) and flooring system, the correlation was calculated based on all data, as well as based on subsets associated with the regimes forced, mixed and natural convection. p-values in brackets indicate the exceedance probability of normally distributed random variable sets (see Section 2.4.3).
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	Site
	Floor
	Regime
	T, ME
	T, MC
	WS, ME
	WS, MC





	S
	Slatted
	All
	0.15 (p = 0.51)
	−0.27 (p = 0.50)
	−0.02 (p = 0.44)
	−0.39 (p = 0.50)



	S
	Slatted
	Forced
	0.20 (p = 0.49)
	−0.33 (p = 0.50)
	−0.17 (p = 0.49)
	0.01 (p = 0.44)



	S
	Slatted
	Mixed
	0.11 (p = 0.50)
	−0.28 (p = 0.49)
	−0.03 (p = 0.45)
	−0.22 (p = 0.49)



	S
	Slatted
	Natural
	0.17 (p = 0.48)
	−0.32 (p = 0.50)
	−0.15 (p = 0.47)
	−0.02 (p = 0.43)



	S
	Solid
	All
	−0.05 (p = 0.47)
	−0.34 (p = 0.50)
	0.08 (p = 0.49)
	−0.28 (p = 0.51)



	S
	Solid
	Forced
	0.00 (p = 0.43)
	−0.40 (p = 0.49)
	−0.01 (p = 0.45)
	0.01 (p = 0.44)



	S
	Solid
	Mixed
	−0.11 (p = 0.49)
	−0.40 (p = 0.49)
	0.05 (p = 0.46)
	−0.02 (p = 0.43)



	S
	Solid
	Natural
	0.24 (p = 0.48)
	−0.37 (p = 0.48)
	−0.13 (p = 0.46)
	−0.13 (p = 0.45)



	G
	Solid
	All
	0.17 (p = 0.50)
	0.08 (p = 0.50)
	0.15 (p = 0.50)
	0.07 (p = 0.48)



	G
	Solid
	Forced
	0.51 (p = 0.50)
	0.32 (p = 0.49)
	−0.41 (p = 0.50)
	−0.23 (p = 0.49)



	G
	Solid
	Mixed
	0.10 (p = 0.50)
	0.06 (p = 0.48)
	0.01 (p = 0.44)
	0.03 (p = 0.44)



	G
	Solid
	Natural
	−0.06 (p = 0.45)
	−0.07 (p = 0.45)
	0.17 (p = 0.50)
	0.02 (p = 0.46)
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Table 6. Mutual information between air temperature (T), wind speed (  W S  ), CH   4   emission (  M E  ) and CH   4   concentration (  M C  ). For each site and flooring system, the statistical association was calculated based on all data as well as based on subsets associated with forced, mixed and natural convection. p-values indicate the exceedance probability of normally distributed random variable sets (see Section 2.4.3).
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	Site
	Floor
	Regime
	T, ME
	T, MC
	WS, ME
	WS, MC





	S
	Slatted
	All
	0.18 (p < 0.01)
	0.22 (p < 0.01)
	0.12 (p = 0.06)
	0.31 (p < 0.01)



	S
	Slatted
	Forced
	0.21 (p < 0.01)
	0.30 (p < 0.01)
	0.14 (p = 0.01)
	0.1 (p = 0.22)



	S
	Slatted
	Mixed
	0.20 (p < 0.01)
	0.32 (p < 0.01)
	0.11 (p = 0.65)
	0.25 (p < 0.01)



	S
	Slatted
	Natural
	0.17 (p = 0.24)
	0.23 (p = 0.08)
	0.21 (p = 0.15)
	0.09 (p = 0.98)



	S
	Solid
	All
	0.15 (p < 0.01)
	0.25 (p < 0.01)
	0.09 (p = 0.47)
	0.27 (p < 0.01)



	S
	Solid
	Forced
	0.10 (p = 0.18)
	0.27 (p < 0.01)
	0.09 (p = 0.29)
	0.14 (p = 0.01)



	S
	Solid
	Mixed
	0.17 (p = 0.04)
	0.39 (p < 0.01)
	0.13 (p = 0.37)
	0.18 (p = 0.02)



	S
	Solid
	Natural
	0.03 (p = 0.68)
	0.42 (p < 0.01)
	0.03 (p = 0.70)
	0.03 (p = 0.67)



	G
	Solid
	All
	0.26 (p < 0.01)
	0.20 (p < 0.01)
	0.14 (p < 0.01)
	0.20 (p < 0.01)



	G
	Solid
	Forced
	0.50 (p < 0.01)
	0.17 (p = 0.08)
	0.38 (p < 0.01)
	0.14 (p = 0.20)



	G
	Solid
	Mixed
	0.21 (p < 0.01)
	0.12 (p = 0.06)
	0.12 (p = 0.06)
	0.15 (p < 0.01)



	G
	Solid
	Natural
	0.21 (p = 0.03)
	0.24 (p = 0.01)
	0.25 (p = 0.01)
	0.21 (p = 0.03)
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Table 7. Median values of air temperature (T) in    ∘  C, wind speed (WS) in m s    − 1   , wind direction (WD) in    ∘  , daytime (DT) in h, CH   4   concentration (MC) in ppm and CH   4   emission (ME) in g h    − 1    LU    − 1    within the individual clusters. The median values were extracted from the normalized and sinus-transformed values in the case of wind direction and daytime and then transformed back. For the wind direction, the associated wind corridor is mentioned in brackets.
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	Site
	Floor
	Cluster Number
	T
	WS
	WD
	DT
	MC
	ME





	S
	Slatted
	1
	3.6
	7.1
	195.6 (S)
	12
	5.5
	16.1



	S
	Slatted
	2
	16.1
	1.6
	234.9 (SW)
	4
	4.1
	16.1



	S
	Slatted
	3
	11.2
	0.8
	166.7 (S)
	10
	21.7
	18.6



	S
	Slatted
	4
	25.2
	1.6
	58.8 (NO)
	14
	4.5
	19.4



	S
	Slatted
	5
	16.0
	2.8
	231.5 (SW)
	15
	6.4
	19.6



	S
	Solid
	1
	24.2
	1.5
	48.4 (NO)
	23
	4.1
	12.5



	S
	Solid
	2
	17.0
	1.3
	229.6 (SW)
	4
	5.9
	14.7



	S
	Solid
	3
	7.7
	1.0
	198.6 (S)
	10
	19.1
	15.2



	S
	Solid
	4
	4.6
	6.0
	200.6 (S)
	1
	5.9
	15.8



	S
	Solid
	5
	16.90
	3.3
	234.8 (SW)
	21
	6.7
	18.4



	G
	Solid
	1
	17.1
	0.4
	111.1 (O)
	3
	20.1
	9.1



	G
	Solid
	2
	10.8
	1.1
	312.7 (NW)
	4
	14.0
	9.3



	G
	Solid
	3
	9.0
	2.6
	218.9 (SW)
	0
	8.3
	10.6



	G
	Solid
	4
	5.3
	0.9
	5.7 (N)
	21
	23.1
	14.0



	G
	Solid
	5
	22.0
	2.3
	1.8 (N)
	15
	11.5
	14.7
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