
bg-2018-86 Author response to comments of referee #1 We'd like to thank reviewer #1 for his answer and appreciate his valuable comments.  (referee comments are printed in italic, author responses are printed in blue)  1. The weakest part of the study was investigation in estimating urine patch locations to avoid assumptions on the uniformity of the source on pasture (by measuring dung pile locations and position of the cows). In applications where bLS is often used in non-uniform sources, it is realized that the detector should be some distance downwind to minimize the impact of non-uniform source on emissions but close enough to resolve horizontal gradient (elevated background concentration, a possible problem in this study). We do not really understand this statement. In our view, the estimation of the excreta distribution on a real grazed pasture is, despite the necessary approximations,  one of the strength of the present study since this issue is either missing in comparable studies (Bell et al., 2017), artificially forced by distributing urine manually on the pasture (Laubach et al., 2012) or by forcing unrealistically high excreta densities during short experiments (Laubach et al., 2013b). We made dung patch surveys and we applied a robust method to estimate dung patch densities based on visual cow monitoring with camera systems. As pointed out in the manuscript, it is a valid assumption that urine and dung patches are similar distributed on the paddock (P12 L28). Auerswald et al. (2010) also found a similar spatial distribution between urine and dung patches on a low intensity pasture.  We are fully aware that placing a detector further downwind minimizes the impact of a non-uniform source. Nevertheless, as referee #2 also pointed out, the small fields ensured a temporarily high stocking density and hence a good sensitivity of the concentration measurement method. We would loss this advantage if placing the detector further downwind. Additionally, for maintaining two realistic grazing systems over an entire season, it was not possible to keep the animals in smaller paddocks. As we investigated a rotational management, placing the detector further downwind would have resulted in an average emission measurement over multiple paddocks (or differently managed areas). Therefore monitoring the temporal dynamics of the emissions (increase with grazing duration, exp. decrease afterwards) would not have been possible.  However, we realized that the presentation of this issue in the manuscript was not optimal and this may have influenced the referee comment. Therefore we improved the manuscript in this respect (see specific comments below).   Detailed comments:  For the majority of the minor (mostly language related) comments we followed the referee suggestions. Here only the comments that need an answer are listed.   
/  i se t ’ a i u  of  µg N-NH3 m-2 s-  at the e d’ As the maximum emissions at the end of the grazing period varied (mostly due to different grazing duration), we kept the sentence unchanged. The overall maximum flux value is included in the range given in the previous sentence.     



/  ’a out eight ti es lo e ’ - could not find this in Kupper et al (2015) - re-check citation The eight times lower  fa to  was calculated based on the TAN flows in Fig. 4b in Kupper et al. (2015). That figure shows that the relative NH3 emission of grazing livestock (8.9% of excreta TAN) is 7.6 times lower compared to indoor housing including storage and spreading of manure (67.8% of excreta TAN). This factor was rounded to about eight .  We made the reference more specific to … model Agrammon (Kupper et al., 2015; see Fig. 4b therein) grazing livestock produces … .    
/  as the odel ’Wi dT a ’ by ThunderBeach Scientific - need to cite model 

We did ot use the odel Wi dT a  i  the p ese t stud , ut we used the model bLSmodelR  as described in Sect. 2.2.4.   3/10 what was the topography (slope, barriers to flow, etc) The field site is generally flat with only a small slope towards South-West. There are no trees or hedges in the main wind sectors. The farm facilities north and south of the experimental field (Fig. 1) are the only barriers to the flow.   4/12 were pressure and temperature corrections needed, if so give calibration factors No temperature or pressure corrections were needed within the given uncertainty range.   4/12 was light intensity used to filter data, if so, give range  As mentioned in Section 2.2.3 the miniDOAS measurements were filtered based on the level of light reaching the spectrometer. This led to a data rejection rate between about 1 % and 4 % for the different instruments.  
/  des i e the odel, a d hat odifi atio s e e ade to Fles h’s model, what was different  We added a reference to Häni et al. (2018) in Sect. 2.2.4, which has been published in the meantime (during the discussion phase). The model characteristics and the minor odifi atio s to Fles h s original model are described there. Additionally we provided more details on the model. The applied model LS odelR  itself was already used in other publications for NH3 emission on pastures (Bell et al., 2017). But it has to be noted that we used the model without the newly introduced deposition module.    5/15 however, the ’u de l i g’ assu ptio  of ho oge eit  of the e itti g su fa e is less t ue ith increased distance between the source and detector, please include this - it is unclear why the bLS model was not run in its entirety  We are not sure whether we fully understand this referee comment. We measured close to the emitting surface (pasture paddock) and the pasture field has a generally small variability concerning the surface roughness (as reported by Felber et al., 2015, for the same site). The bLS model was run with a model domain of 250 m length, hence much larger compared to the actual emitting paddock. This has been clarified in the revised manuscript.   5/25 state the given NH3 concentration certification  The NH3 percentage in the gas mixture had a relative uncertainty of 2%, i.e. the NH3 mixing ratio was 5% ± 0.1%. We added this information in the manuscript.   



/  ’this is ot e essa il  the ase’ - this deserves further comment  We chanced the se te e to: On a pasture cows can move freely and therefore the urine and dung patches may not be homogenously distributed on the entire area, which can lead to error prone emission estimates (Auerswald et al., 2010; Bell et al., 2017; Laubach et al., 2013a).   6/1 top page 11 states urine patches are the most important factor - then two ways of trying to estimate where these patches exit is tried by GPS of the dung piles and by locating the position of the cows - this cannot be direct emission map of ammonia since cows do not necessarily defecate and urinate at the same location, and the position of the cow adds little information to estimate urine patches.  The spatial density distribution of urine and dung patches are not identical but very similar on a pasture (Auerswald et al., 2010). The miniDOAS line sensors integrate over a sufficient number of dung and urine patches, but measurement footprint only covers a part of the oblong paddocks. On some stages of the grazing season we could identify clear density gradients along the main paddock axis (see Fig. 3 in the revised manuscript) with a generally high linear correlation between the distributions of dung and cow positions on the pasture. (R2=0.98, see P11 L2).  The fitted linear regression was used to estimate missing dung distributions and hence estimate the urine patch distribution for certain rotations.  We added a more detailed description (incl. equations) of the procedure in the method section 2.4, and added the new Fig. 3 to illustrate the applied method. Fig. 3a (formerly Fig. 9) was modified, and Fig. 3b shows the regression between parallel surveys of density anomalies for dung patches and cow positions.   6/7 it is not clear that the error would be reduced by compounding the errors in locating the urine patches, as opposed to assuming a uniform distribution, especially when the uniform criteria declines in importance with some distance downwind.  As mentioned in the previous comment, we are quite sure that the information on the dung distribution can be used to estimate the distribution of the urine patches. As explained in the response to Comment 1 (see above), we could not have placed our sensors further downwind as we would have lost the possibility to observe the temporal behavior of the emissions as well as the sensitivity of the method (increase in concentration downwind of the paddock).   7/27 need to expand by providing information on what was done regarding the bLS footprint This sentence was misleading because the bLS footprint was not directly used in the flux calculation. We rephrased the sentence to:  
The field s ale flu es we e dete i ed ased o  the o e t atio  diffe e ces of the paired MD systems and the dispersion coefficient D see E . 1  o puted  the LS odel.    7/31 is this 50-70 hours per week?  As shown in the referenced Table 1, the 50–70 hours correspond to the grazing duration on the investigated paddocks X.11 and X.12 per individual rotation.   
/  hat is a ’st o g’ data filte  - need to rewrite  We rephrased the sentence and referred to the data filtering criteria described in Sect 2.2.3.    



/  e plai  he e the alue ’ . ’ a e f o   We rephrased this paragraph to clarify the issue (see also response to Comment 1 of Referee #2). Because of the low amount of available nighttime data, it was not possible to derive default emission curves for longer nighttime gaps (as shown for daytime conditions in Fig. 6 in the revised manuscript). Thus it was assumed that the general temporal pattern is similar to daytime conditions but with a lower amplitude for nighttime. The corresponding reduction factor (= 0.39, corresponds to the inverse of the original factor 2.54) was based on the overall ratio between mean nighttime and daytime emissions during grazing.  8/17 are you saying that your design, at specific wind directions, caused an interference of the incoming concentration (upwind) measurement which lead to an under-estimate of emissions - why not filter out the estimates?  We cannot filter out those periods, as the investigated paddocks were part of an intensive rotational grazing system. This means upwind grazing took place frequently after grazing on the investigated paddocks between the miniDOAS systems. Filtering out those periods would lead to an unacceptable data loss. Additionally the interference effect is relatively small as shown in Fig. 7 (grey line) and Fig. 8 (red boxes). We also presented a way to correct for this effect (P9 L30 - 34). The interference effect has to be considered as a small disadvantage of our experimental design, which was optimized to fulfill several other requirements (see discussion in Section 3.6).  
/  use ’ e o ded’ ot ’ et ie ed’  As the cumulative emissions are also based on gap filled data, we think recorded  is not suitable here. Therefore we kept it unchanged.   
/  use ’g eatest ai  te pe atu e’ a d /  ’g eate  e issio s’  After consulting a native English speaker, we kept highest  i stead of g eatest .    9/6 neither grazing duration nor N input is found in Table 3 - where are these data?  Table 3 provides information on N input (separated into N excretion total and N excretion urine). Grazing duration can be found in Table 1. We referred to Table 1 for grazing duration in the revised manuscript.   10/10 usually as an alternative to mass flow controller, the entire tank is weight before and after, was this done in this study?  We did not weight the tracer gas cylinder before and after the releases. But we used a sophisticated mass flow controller and checked its performance by measuring the individual orifices as described at P11 L14–16.   

/  do ou ea  ’ai  p essu e’  No, we mean the pressure within the tube of the artificial source system (between the gas tank and the flow controller). We rephrased to …During that particular release the dynamic pressure within the tubes of the system upstream of the flow controller … .     



/  do ’t u de sta d the set-up, what was no longer air tight - needs clarification, also need to indicate why air pressure is involved in recovery  Similar to the previous answer, we did not mean air pressure but the pressure within the tracer gas tubing system. However, the proposed possible explanation for the high recovery rate in the first gas release trial was purely hypothetical. For clarity reasons we removed it from the manuscript and state that we have no conclusive explanation for this individual result.   
/  ’a  u k o  ajo  e o  sou e is u likel ’ - what does this mean, if unknown how can it be unlikely, delete this sentence as it adds no information - were the results used to correct the emission or was it used to characterize the data? How sure are you that the difference was systematic, if this is important there needs to be a t-test done and if different then an accuracy analysis preformed to break the difference into systematic, random and slope errors  We agree with the referee that the mentioned sentence is not useful and therefore deleted it. With the artificial source we intended to test the applied methodology against a controlled source in an exemplary way, and it was not intended for a calibration or quantitative correction of the measurements. This was clarified in the revised manuscript.  As the artificial source experiments resulted in an average recovery rate that was not significantly different from 100 % (111 % ± 18 %) we assume that the used methodology (bLS dispersion modelling, concentration measurements with miniDOAS line sensors) was suitable for quantification of the pasture emissions. If there exist minor systematic errors in the methodology (within the achieved uncertainty range, see Section 3.3.1), they are supposed to be very similar for both parallel pasture systems, and therefore do hardly affect the detection of differences between the two pasture systems (see  P12 L17-19, P13 L27-29).   11/11 how was this correction done in all systems except system G rotation2, needs clarification - also need to document what this means for this latter value that was not corrected  We are aware that the presentation of this correction procedure was not clear enough. We modified and enhanced the corresponding method section 2.4. More details are given in the response to Referee#2 (Comment 4). We also added the individual uncertainty ranges for the single rotations in the modified Fig. 10.   
/  use ’g eate  u e tai t ’  After consulting a native English speaker, we left the expression unchanged.    12/3 cited reference not listed  The cited reference to Móring et al. (2016) was listed correctly (P17 L5) in the discussion paper.   13/6 delete ’u de  eal p a ti e o ditio s’ We kept the sentence unchanged as previous studies on ammonia emissions (e.g. Laubach et al., 2012, 2013) were often not performed under realistic pasture conditions or included manual (artificial) application of urine to the soil.       



Author response to comments of referee #2 We'd like to thank reviewer #2 for his answer and appreciate his valuable comments.  (referee comments are printed in italic, author responses are printed in blue)  1. The methodology used for gap-filling emissions during night-time (and to a lesser extent for wind sectors coming from the surrounding farms) may be questionable. Indeed, the authors assume that night-time fluxes may be gap-filled based on day-time fluxes, but ammonia fluxes are fundamentally based on thermodynamical equilibrium at the surface (gas-liquid and acid-base equilibriums). This means that (1) the surface ammonia concentration is exponentially increasing with surface temperature due to the gas-liquid or Henry equilibrium, and we would hence expect lower emission at night due to lower temperature and hence lower concentration at the surface; (2) similarly, since ammonia fluxes are proportional to a concentration difference between the surface and a reference level, lower turbulent exchanges at night are expected to decrease night-time ammonia emissions. This means that using daytime fluxes amplitude and dynamics may systematically bias the emissions towards higher values. I would recommend a discussion on that point which may include a study on the temperature and u* dependency of the ammonia emissions. Authors could refer to e.g. Flechard et al. (2013) for details on ammonia the points raised above.  We fully agree with the reviewer that the ammonia emission depends on temperature and turbulence intensity and therefore is generally lower during nighttime compared to daytime conditions. We show this effect for the present study in Fig. 5a. We also account for the day-night difference in the gap filling procedure, but there was obviously a misinterpretation by the referee in this respect. Actually, we did not use the daytime fluxes amplitude to gap fill the missing night time fluxes. We only used the shape of the daytime curve (linear increase during grazing and exponential decrease afterwards), but with a significantly reduced amplitude (0.39) during nighttime (see P9 L12-14). This factor was calculated from the ratio of available nighttime and daytime fluxes during the grazing phase. We rephrased Sect. 3.2 to clarify the applied gap filling procedure and better explain the difference between daytime and nighttime cases.  Regarding the discussion about u* and temperature dependency, we already included this effects in our discussion and figures (P8 L26-28, P9 L19-21, Fig. 5) in a qualitative way. Due to the similar temporal pattern of u* (wind speed) and temperature at the study site and the frequent calm nighttime conditions it is unfortunately not possible (with a high degree of confidence) to disentangle the dependencies further.  We included a reference to Flechard et al. (2013) (P8 L 32) stating why NH3 emissions tend to be lower during nighttime conditions.    2. Reference to the work of Moring et al. (2016) is lacking. In reference to this work, I wonder if considering the source as a mosaic of emission and deposition hot-spots rather than a distribution of emission patches would conceptually change the results presented here. Could the author elaborate on this question?  There was already a reference to Móring et al. (2016) in the manuscript (P12 L33). But we assume that the referee wanted to point towards the issue of simultaneous emission (from the excreta patches) and deposition (on the remaining pasture area) on the pasture field. In this respect, our measured fluxes represent the effective net NH3 flux attributable to the grazing excreta (combination of emission 



and re-deposition within the measured paddocks). But it does not include the large-scale background deposition, because the latter would not produce a horizontal concentration difference. Due to conceptual and practical reasons, a partitioning into gross emission and re-deposition was not in the scope of the present study. This would require separate measurements (e.g. by small-scale enclosures) of individual patches and of surrounding depositing surface areas.  We added a paragraph about this issue in the revised manuscript (Section 2.2.4, P 5 L 18 - 23). In this context, we referenced Móring et al. (2017), where a simplified combination of modelled pasture emission and deposition is presented (while Móring et al., 2016 only presented a model for urine patch emission).  Concerning the artificial source experiment, the effect of re-deposition is presumably small as the downwind concentration was measured at only 6 m distance from the release line. Nevertheless, there might be a small bias towards lower recovery rates. As Häni et al. (2018) showed with a similar artificial release, but with NH3 measurements at 15 m distance from the source, the dry deposition near the point sources may be in the range of 10 %. We therefore assume that the error would be smaller in our experiment.   3. The uncertainty analysis requires more details and especially on the gap-filling of emissions using the standard curve on Figure 5. An example showing a reconstructed emission would be beneficial here. It is difficult also to understand if the uncertainty analysis on gap-filling spans the actual variability in the fluxes shown in Figure 5 (the error-bars in Figure 5 would also need to be explained). An example of a gap filled time series (black points = reconstructed half-hourly data) is actually shown in Fig. 7. Our relatively simple gap filling approach is mainly based on interpolation between available data (either direct linear interpolation or with the help of the management related curves in Fig. 6). Therefore, a simple comparison between gap filled and measured data is not possible.  The uncertainty analysis in Fig. 8 is treating the (systematic) uncertainty of the cumulative emission of an individual rotation, and not of half-hourly fluxes. Only the first error source (C_bias) directly results from the systematic errors of the individual measurements. The other relevant error sources in Fig. 8 result from gap filling of missing flux values. The vertical bars in Fig. 6 indicate the standard deviation of the half-hourly measurements within the 6-hour averaging interval. We added this information in the figure caption. This variability does not represent an uncertainty but rather the variability in time (mainly between different rotations).    4. The methodology used to derive the dung patches distribution, the way relative deviation of this dung patches Is calculated and the way it is used to correct cow based emissions all need clarifications. I think authors should mention previous work on patches emissions by Moring et al. (2016). The calibration/validation of the patch emission model in Móring et al. (2016) was based on an experiment with a defined pattern of artificially applied urine patches by Laubach et al. (2012). Therefore, we do not see how we can relate our assessment of real grazing patch distribution to their work. For other references to work of Móring et al. (2016) see response to Comment 2.  However, we agree with the referee that our methodology for determining patch distributions and correcting for their effect should have been presented in a better way. In order to achieve this in the revised manuscript, we modified and enhanced Section 2.4 (Cow and excreta distribution monitoring) in the following way: i) We added a paragraph at the beginning of Sect. 2.4 clarifying the issue of homogenous or uniform source distribution within the paddock area, deviation from that ideal assumption and the effect on the bLS calculation.  



ii) We moved the old Fig. 9 from to this section (new Fig. 3a) and improved it to illustrate the problem of excreta patch density distribution as well as the applied correction approach.  iii) We added the new Fig. 3b showing the linear relationship between density anomalies for dung patches and cow positions. This supports the use of cow position information in case of lacking dung patch surveys.  iv) We added to new equations (Eq. 2 and 3) in the second part of Sect. 2.4 describing the  density correction factor kd and the calculation of the cumulative integral NH3 emission Eint for each rotation.  5. The description of the artificial source quality would benefit from more details on the homogeneity of the emissions, the pressure and flow rates stability. Some more examples on measured concentration and retrieved emissions during these trials would also be beneficial as these data were not published previously (to my knowledge). In the revised manuscript we have included more information on the concentrations (mean+std) and absolute emissions of the individual experiments in Table 4. In addition we have included data on the pressure and flow rate (and their stability) during the release.   Detailed comments:  P4 L7: delete i po ta t  efo e efe e e spe t u  Was changed accordingly.   P4 L14-20: some details on the meteorological instruments may be useful. Please evaluate also how important may be high frequency losses on u* and H with 10Hz acquisition at 2 m above ground. Weather parameters like wind speed, precipitation, temperature and barometric pressure were measured with a WXT520 (Vaisala, Vantaa, FL). Global radiation was measured with a pyranometer (CNR1, Kipp&Zonen, Delft, NL). We added this information in Sect. 2.2.2.  High frequency losses on u* and H due to the 10 Hz acquisition at 2 m above ground were typically below 5 %.   P4 L25-30: 44%-49% missing values for low ustar may actually bias the analysis (see major comments) See response to Comment 1. The numbers indicated by the referee are total data loss due to wind direction and u* filtering. We better specified the individual effects of u* filtering (26% and 30% for system M and G) in the revised manuscript (Sect. 2.2.3). Additionally a potential 50% bias in (mainly nighttime) gap filled values is already included in the uncertainty analyses.   P5 L6: please give number of thousands of trajectory We used 25 000 trajectories per line point (2 m apart). We added this information in Sect. 2.2.4 (P5, L4).  P5 L9: please give units of E, C and D. I woud also suggest to explicit the hypothesis behind this equation: actually Cdown = D*S + Cup, where not other nearby sources are assumed. We added the units in the text, but we preferred not to change the equation because it directly represents the emission determination in the present study. Additionally the used form is consistent to other publications (Bell et al., 2017; Flesch et al., 2004)  



P5 L15-18: are the two hypothesis of a uniform and continuous distribution and of a random uniform distribution of sources strictly identical for inverse dispersion? Since our method is based on line integrating (i.e. line averaging) concentration measurements, we assume that the two hypothesis are equivalent as long as the footprint of the line concentration is large enough to cover a relatively large number of patches (as it was the case here).   P5 L31: the work from Moring et al. (2016) should be referred to here and after. See response to Comment 4 above.   P6 L4-8: the method used correct the cow-based emissions based on images and GPS needs to be detailed, as suggested in the major comment section. We agree. See response to Comment 4 above.  P8 EQ-2: The meaning of this is unclear. ∆𝐶𝑈𝐷 and Dup and Ddown should also be time dependent. Please clarify. I would suggest rather using t and Edef, i(t) etc. We modified the text and the axis labelling in Fig. 6 to clarify that t used in this equation is not the absolute measurement time but the elapsed time since the end of grazing of the individual upwind paddock i.   P9 L11-15: I would suggest showing the concentration inter-comparison figure in a supplementary material. The concentrations during the inter-comparison were typically very low at the remote station as the main focus was on retrieving the bias between the instruments. Therefore, we think that a corresponding figure would not provide useful additional information.   P9 L : please e plai  hat is a s ste i  u e tai t . This is a typo and should be systematic  uncertainty. We changed it accordingly.   P10 L : I a  ot su e the o d sta le  is app op iate he e as it a  e u de stood as sta le 
the al st atifi atio . We agree and changed the word to statio a .  P10 L7-10: I wonder what is the variability in the release rate between the critical orifice. I also wonder if the atmospheric pressure has an influence on the release rate at 30 minutes but also over short time scales (seconds). Finally, what is the expected (or even recorded) effect of wind speed variations on release rates : would one expect some ventury effects on the release rates? See also response to Comment 5 above. We think the Ventury effect is rather small as wind speeds at the height of the orifices (few cm above ground) were usually low. Additionally it would have no influence on the gas release as the mass flow controller would compensate for pressure fluctuations.   P10 L28- : It is uite u lea  hat the elati e de iatio  of the du g de sit  eall  is. I would suggest providing the exact equation. See response to Comment 4. We added Eq. 2 in Sect. 2.4.   P11 L1-3: it is unclear how exactly missing values are obtained from regression analysis. Could the authors elaborate on that? 



See response to Comment 4 above. The regression analysis is illustrated in the new Fig. 3b.  P11 L6-12: I would suggest giving details on how the uncertainties are aggregated (may be an equation in a supplementary section?) See response to Comment 3 above.   Table 2: I would suggest finding a way to separate more clearly G and M in this table as in Table 3 We modified the layout of Table 2 and Table 3 for better readability.   Table 3: I suggest only proving 1 digit for temperature and none for rainfall. We agree with the reviewer and changed the entries accordingly.  Figure 5: could you specify the meaning of the error-bars. I would also suggest using negative time values on the left. The error bars indicate the standard deviation of the measurements within the 6-hour period. We added this information in the figure caption (Fig. 6 in the revised manuscript). We modified the x-axis according to the referee suggestion.   Figure 8: Could you provide error bars on both released and inverse modelling with measurements. I would also suggest changing one We added the uncertainties of the measurements as error bars (Fig. 9 in the revised manuscript).   
Figu e : Please e pli it the te  elati e de iatio  i  the lege d. We modified the whole figure for better readability. Additionally we inserted a reference to the equation (Eq. 2 and 3) as described in the response to Comment 4 above.   Figure 11. Please explicit if error bars are standard deviation, standard errors or interquartile We included an explanation of the error bars in the figure caption.   References:  Auerswald, K., Mayer, F. and Schnyder, H.: Coupling of spatial and temporal pattern of cattle excreta patches on a low intensity pasture, Nutr. Cycl. Agroecosystems, 88(2), 275–288, doi:10.1007/s10705-009-9321-4, 2010. Bell, M., Flechard, C., Fauvel, Y., Häni, C., Sintermann, J., Jocher, M., Menzi, H., Hensen, A. and Neftel, A.: Ammonia emissions from a grazed field estimated by miniDOAS measurements and inverse dispersion modelling, Atmospheric Meas. Tech., 10(5), 1875–1892, doi:10.5194/amt-10-1875-2017, 2017. Flesch, T. K., Wilson, J. D., Harper, L. A., Crenna, B. P. and Sharpe, R. R.: Deducing Ground-to-Air Emissions from Observed Trace Gas Concentrations: A Field Trial, J. Appl. Meteorol., 43(3), 487–502, doi:10.1175/1520-0450(2004)043<0487:DGEFOT>2.0.CO;2, 2004. Häni, C., Flechard, C., Neftel, A., Sintermann, J. and Kupper, T.: Accounting for Field-Scale Dry Deposition in Backward Lagrangian Stochastic Dispersion Modelling of NH3 Emissions, , doi:10.20944/preprints201803.0026.v1, 2018. 
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Abstract. The quantification of ammonia (NH3) emissions is still a challenge and the corresponding emission factor for grazed 7 

pastures is uncertain. This study presents NH3 emission measurements of two pasture systems in western Switzerland over the 8 

entire grazing season 2016. During the measurement campaign, each pasture system was grazed by 12 dairy cows in an 9 

intensive rotational management. The cow herds on the two pastures differed in the energy to protein balance of the diet. NH3 10 

concentrations were measured upwind and downwind of a grazed sub plot with line integrating open path instruments that 11 

were able to retrieve small horizontal concentration differences (< 0.2µg NH3 m-3). The NH3 emission fluxes were calculated 12 

by applying a backward Lagrangian Stochastic (bLS) dispersion model to the difference of paired concentration measurements 13 

and ranged from 0 to 2.5 µg N-NH3 m-2 s-1. The fluxes increased steadily during a grazing interval from previous non-14 

significant values to reach maximum emissions at the end of the grazing interval. Afterwards they decreased exponentially to 15 

near zero values within 3-5 days. A default emission curve was calculated for each of the two systems and adopted to each 16 

rotation in order to account for missing data values and to estimate inflow disturbances due to grazing on upwind paddocks. 17 

Dung and cow location were monitored to account for the non-negligible inhomogeneity of cow excreta on the pasture. The 18 

average emission (± std. dev. of individual rotation values) per grazing hour was calculated as 0.64 ± 0.11 g N-NH3 cow-1 h-1 19 

for the herd with the N balanced diet (system M) and 1.07 ± 0.06 g N-NH3 cow-1 h-1 for the herd with the protein rich grass-20 

only diet (system G). Surveys of feed intake, body weight and milk yield of the cow herds were used to estimate the nitrogen 21 

(N) excretion by an animal N budget model. Based on that, mean relative emission factors of 6.4 ± 2.0 % and 8.7 ± 2.7 % of 22 

the applied urine N were found for the systems M and G, respectively. The results can be used to validate the Swiss national 23 

emission inventory and demonstrate the positive effect of a N-balanced diet on pasture NH3 emission.   24 

1 Introduction 25 

Agricultural livestock production is the main source of air pollution by ammonia (NH3) (Bouwman et al., 1997). The largest 26 

share of the emissions is usually assigned to the excretions in the barn with subsequent manure storage and spreading (Kupper 27 

et al., 2015). The high emissions are largely responsible for the formation of secondary aerosols in the atmosphere through 28 

reactions with nitric and sulfuric acids (Nemitz et al., 2009). This can have a significant effect on human health and can also 29 

lead to eutrophication and acidification of the environment through deposition (Sutton et al., 2011).  30 
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Grazing is considered as one efficient mitigation option to reduce NH3 volatilisation due to the direct infiltration of urine in 1 

the soil before urea is degraded to ammonium and NH3. According to the Swiss inventory model Agrammon (Kupper et al., 2 

2015; see Fig. 4b therein) grazing livestock produces about eight times lower emissions compared to indoor housing (including 3 

storage and spreading of manure). Emission inventories usually make use of generalized emission factors that relate emissions 4 

to the corresponding source of water soluble nitrogen (urea, ammonium or dissolved NH3). In the case of grazed pastures the 5 

relevant nitrogen (N) source is urine by animal excretion (Petersen et al., 1998). However the pasture emission factor still has 6 

a large uncertainty because corresponding NH3 emission experiments are rare and the available studies reported a large range 7 

of emission factors (5 to 25.7 % of excreted urine N; e.g. Jarvis et al., 1989;, Bussink, 1992; Laubach et al., 2012, 2013b). 8 

Many of the studies used manual applied urine and measured the emissions with chamber or wind tunnel methods. These 9 

techniques might lead to questionable results due to the altering of the environment and the high heterogeneity of the emissions 10 

(Misselbrook et al., 2005; Sintermann et al., 2012).  11 

Volten et al. (2012) introduced a new open path miniDOAS system that measures line integrated NH3 concentrations with a 12 

relatively high temporal resolution. Sintermann et al. (2016) adopted and further developed the system to field applicability 13 

and suggested that paired miniDOAS systems in combination with a dispersion model can be used to estimate emissions of a 14 

pasture. Bell et al. (2017) estimated the NH3 emission factor based on miniDOAS concentration measurements in combination 15 

with a backward Lagrangian Stochastic (bLS) dispersion model for a 12-d period and demonstrated the applicability of the 16 

miniDOAS / bLS combination for grazing systems. However no information on the excreta distribution on the pasture was 17 

obtained and retrieved emission factors were based on a standard cow and feeding strategy. The relatively short measurement 18 

campaign in May also limited the representativeness of the derived emission factor for a full year. For micrometeorological 19 

methods a spatially homogenous source area is usually needed (Munger et al., 2012) which is often not the case on grazed 20 

pastures (Draganova et al., 2016). However only very few studies reported on the uncertainty associated with a heterogeneous 21 

emission source and those studies usually focused on greenhouse gas emissions (Felber et al., 2015; Peltola et al., 2015).  22 

In the present experiment the miniDOAS systems in combination with bLS modelling were applied to determine NH3 23 

emissions of two paired rotational grazing system over a full grazing season. Position monitoring of dung patches with GPS 24 

and of cows with a camera system were used to relate the measured emissions to the animal and excreta density. The calculated 25 

emission factors were based on actual in situ cow productivity data and feed analyses and were compared to standard emission 26 

factors.  27 

2 Material and methods 28 

2.1 Site description and experimental design 29 

The study site was located in the Pre-Alps of Switzerland at the research farm Agroscope Posieux in the canton of Fribourg 30 

(46°46´04´´N, 7°06´28´´E). The soil is classified as stagnic Anthrosol with a loamy texture (20 % clay, 35 % silt and 45 % 31 

sand) and the vegetation consisted mainly of a typical grass clover mixture (10 % to 50 % Lolium perenne and 7 % to 40 % 32 
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Trifolium repens) with an increasing clover share during the grazing season. In 2007 the last renovation of the site took place. 1 

Since then the site has been used as an intensive pasture for cattle. Averaged over the past years, the average fertilizer 2 

application rate was about 120 kg N ha-1 per year, in addition to the excreta of grazing animals. Climate records show an annual 3 

average temperature of 8.7 °C and an annual precipitation amount of 1075 mm (MeteoSwiss, 2018). The experiment was 4 

conducted at a flat 5.5 ha pasture and the cows were managed in a rotational grazing system (Fig. 1). The whole pasture was 5 

divided into two separate systems having different feeding strategies of the cows. The southern system (labeled “G”) 6 

represented a full grazing regime without additional feed supplementation. This resulted in a considerable protein surplus for 7 

the animals leading to an unnecessary high N excretion. At the northern system (labeled “M”) cows were provided with 8 

additional maize silage (roughly 25 % of the total feed dry matter intake) which has a low protein content and resulted in a 9 

more demand-adjusted optimized protein content in the diet (Arriaga et al., 2010; Yan et al., 2006) leading to less N excretion. 10 

Each of the two pasture systems was divided into 11 paddocks resulting in a full rotation period of about 20 days, depending 11 

on the grass growth conditions. The size of the paddocks were adjusted to the different treatments: 1700 m2 for the northern 12 

M system and 2200 m2 for the southern G system.  The grazing rotation was synchronous for the two systems and started in 13 

the middle of the fields (on paddocks X.11 with X indicating both fields) in westerly direction (until paddock X.16) and then 14 

from the middle (X.21) to the eastern side of the field (X.25). Twice a day (around 05:00 – 07:00 and 15:00 – 17:00 LT) the 15 

cows were brought to the nearby barn for milking. However, in cases of high air temperatures in August and beginning of 16 

September the cows spent a longer period in the barn during daytime (typically 11:00 – 17:00 LT). Due to dry periods during 17 

the summer month and subsequent low grass growth additional pasture areas were used for grazing. The herd for each system 18 

consisted of 12 dairy cows. The main measurement campaign took place between May and October 2016, and in summary, 19 

seven full grazing rotations took place in that period (Table 1). During the measurement campaign, the site was fertilized with 20 

ammonium nitrate (28 kg ha-1, end of June) and urea (42 kg ha-1, X.11–X.16 mid of August, X.21–X.25 beginning of 21 

September).  22 

2.2 Ammonia emission measurements 23 

2.2.1 Ammonia concentration  24 

 Line-integrated NH3 concentrations were measured using four miniDOAS systems (Sintermann et al., 2016). These open path 25 

instruments make use of the differential optical absorption in the UV range (200 – 230 nm). Two miniDOAS systems (namely 26 

MD5 and MD2, naming based on serial number) were installed at system M and two instruments (MD1 and MD6) on system 27 

G (Fig. 1a). All instruments were installed at a height of 1.3 m. Each miniDOAS pair (e.g. MD5 and MD2) was separated by 28 

a horizontal distance of about 30 m which allowed for concentration measurements upwind and downwind of a subplot of the 29 

paddocks in between. The single light path between the sensor and the retroreflector for the individual devices had a length of 30 

30 to 35 m. The instruments reported NH3 concentration at a temporal resolution of one minute. The one minute data were 31 

processed to 30-min averages for further processing. Due to the predominant wind directions NE and SW one miniDOAS 32 
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usually reported upwind concentration CUpwind (µg NH3 m-3) and the other one the downwind concentration CDownwind (Fig. 1). 1 

This setting allowed for the computation of the horizontal concentration gradient ΔC caused by emissions from the area in 2 

between. The reference spectrum (Sintermann et al., 2016) for each miniDOAS was determined during a seven day inter-3 

comparison campaign at the Chaumont, Switzerland (47°02´58´´N, 6°58´16´´E, 1136m, 20-27 July 2016). The site is located 4 

30 km north-west of Posieux and is only marginally contaminated by NH3 and was therefore ideal to compute the reference 5 

spectra. The miniDOAS systems were operated in parallel and compared to wet chemical impingers (Häni et al., 2016) in order 6 

to retrieve the instrumental offset and absolute concentration.  7 

2.2.2 Turbulence and meteorological parameters 8 

For the characterization of turbulent mixing the three dimensional wind velocity (u, v, w) and air temperature was measured 9 

at 10 Hz using an ultrasonic anemometer-thermometer (HS-50, Gill Instruments Ltd., UK, hereafter termed sonic anemometer) 10 

mounted on a horizontal arm at 2 m above ground. Each system was equipped with one of those anemometers. The 11 

micrometeorological parameters friction velocity (u*, m s-1), roughness length (zo, m) and the Obukhov length (L, m) were 12 

computed from the 30 min processed eddy covariance data of the sonic anemometer. Further weather parameters were 13 

measured with a standard automated weather station (Campell Scientific Ltd., UK). It used a WXT520 (Vaisala, Vantaa, FL) 14 

to measure wind speed, precipitation, temperature and barometric pressure and a pyranometer (CNR1, Kipp&Zonen, Delft, 15 

NL) to measure global radiation. The station was installed at system M next to the sonic anemometer.  16 

2.2.3 Data filtering 17 

The raw MD concentrations were filtered based on the level of light reaching the spectrometer. This led to a data loss between 18 

about 1 % and 4 % for the different MD. An additional filter was applied to account for conditions with low turbulence by u* 19 

filtering. As the measurement site is located at the Swiss western plateau which is known for low wind speeds especially during 20 

the night a u* threshold of 0.05 m s-1 was applied leading to a relative data loss of  26 % and 30 % for system M and G, 21 

respectively. Flesch et al. (2014) stated that using a u* value of 0.05 m s-1 can be accepted as the data quality does not increase 22 

too much by applying higher u* values. The wind sectors facing towards the farm buildings north and south of the fields were 23 

removed as well due to unwanted advection from the nearby farm buildings (Figs. 1 and 2). Filtering for u* and wind direction 24 

decreased the data by about 44 % and 49 % for system M and G, respectively.  25 

2.2.4 Emission calculation based on dispersion modelling 26 

The emissions were calculated based on inverse dispersion modelling and measurements of NH3 concentrations upwind and 27 

downwind of an emitting source. An open–source version of the bLS model by Häni (2017) (based on Flesch et al., 2004) 28 

programmed in the statistical software R (R Core Team, 2016) was used. The first-order bLS model assumed horizontally 29 

homogenous and vertically inhomogeneous Gaussian turbulence and used the Monin-Obukhov Similarity Theory to calculate 30 

the vertical profiles of wind speed and turbulence. Minor adjustments to the original model (Flesch et al., 2004) are described 31 
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in Häni et al. (2018). The newly introduced deposition module, which is part of the software package, was not used in this 1 

study. The bLS model related the measured 30-min concentration difference ΔC (µg NH3 m-3) to the unknown emission rate 2 

E (µg NH3 m-2 s-1) of the investigated paddocks (Eq. 1). The coefficient D (s m-1) was determined based on the simulated 3 

movement of 25’000 fluid particles released at the location of the concentration sensor line and tracked backwards in time up 4 

to a distance of 250 m (extending well beyond the investigated pasture fields). Simulated touchdowns inside the specified 5 

source area contribute to the magnitude of D.  6 

 7 

 = Downwind− Upwind ≡ ∆
                  (1) 8 

 9 

The bLS model used wind and turbulence information measured by the sonic anemometer. In order to calculate a concentration 10 

footprint for each 30-min period Δt, averaged data of the wind direction, the standard deviations of the wind components, u*  11 

and values representing the surface roughness were used. Additional geometric information of the source area locations and 12 

extensions and the position and height of the miniDOAS measurement paths were provided as well. An intrinsic assumption 13 

of the bLS model approach is that the model domain has a uniform surface roughness, which is supported by the results of 14 

Felber et al. (2015) for the same site, and that the defined emitting area is homogenous concerning its source strength. Thus it 15 

is assumed that the monitored pasture paddocks are homogenously grazed and the urine and dung patches, representing the 16 

main NH3 emission sources, are more or less uniformly (or randomly) distributed on the paddock area.  17 

The present inverse dispersion method yields a net NH3 flux of the investigated paddocks that is in excess of any general 18 

background flux (e.g. due to deposition of ambient NH3, e.g. Móring et al. (2017)). The resulting flux thus represents the effect 19 

(emission) of grazing excreta. However, because the excreta patches only cover a small part of the grazed pasture, the measured 20 

net flux may also include some short-range re-deposition of the gross excreta NH3 emission. A partitioning of these effects is 21 

beyond the scope of the present study and would require small-scale spatially resolved measurements (e.g. by enclosures) of 22 

patch and non-patch surface areas.  23 

2.2.5 Artificial release experiment  24 

In order to test the used methodology an additional experiment with an artificial gas release was conducted in June/July 2017 25 

at the field site next to the sonic anemometer of system M. The source consisted of a grid of 14 critical orifices (100µm 26 

diameter, stainless steel, LenoxLaser, USA) which were installed on ground facing upward with a distance of each other of 2 27 

m. The center of the line was connected to a distribution unit which regulated the gas flow with a mass flow controller (red-y 28 

smart controller, Voegtlin Instruments, Switzerland). The flow rate, pressure within the grid and the accumulated gas flow was 29 

saved to a hard disk within the housing of the distribution unit. A gas mixture with 5 ± 0.1 % NH3 in 95 % CH4 (CarbaGas, 30 

Switzerland) was used with a release rate of about 3.1 standard L min-1. Two miniDOAS systems (MD2 and MD5) were 31 
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installed in parallel roughly 6 m north east and south west of the source line to account for the predominant wind directions. 1 

Both instruments were installed at a height of about 0.6 m due to the close distance to the artificial source.  2 

2.3 Estimation of N excretion on the pasture 3 

The NH3 emission flux, quantified as described above, is a pasture area related quantity. In order to allow a comparison of the 4 

results of the present study with literature reports and with emission inventory models, emission factors were derived by 5 

relating the measured emissions to the urine N input from the cows. As N input to the pasture cannot easily be measured total 6 

N and urine N of the excretions of the cows were estimated with a dairy cow nitrogen budget model based on the official Swiss 7 

feeding recommendation for dairy cows (Bracher et al., 2011). Input to the model were information concerning the milk yield 8 

and N content, the weight of the cows, the calving date, and the crude protein proportional to the N content in the forage (Table 9 

2). Milk yield and body weight was measured for each cow on a daily basis whereas data on grass protein was only collected 10 

and analyzed eight times between end of April and end of September, but usually close in time to the measurement period. 11 

The grass parameters of the systems M and G were averaged for further processing. Crude protein of the maize silage was 12 

analyzed three times (beginning of May, mid of July, beginning of September). Missing data were linearly interpolated between 13 

the measured values. The N in the excretions were finally calculated as a balance between the N input of the feed, N storage 14 

due to body weight gain and N in milk and excreta for each cow and each day of the year. The break-down in urine N and 15 

dung N is based on N balance studies (Bracher et al., 2011). Finally, based on the grazing duration the urine N input to the 16 

investigated paddocks was computed for each rotation. An associated uncertainty of 15 % was estimated by comparing the N 17 

budget model to published results of Swiss N excretion studies (Bretscher, unpublished data).  18 

2.4 Cow and excreta distribution monitoring 19 

The measured concentration difference and thus the derived NH3 flux is mainly related to the emission of the surface area 20 

between the MD sensor paths on each grazing system (according to the main wind directions, Fig. 1). This is only a part of the 21 

entire paddock area, which was considered as uniformly emitting area in the bLS calculations (Sect. 2.2.4) and for which the 22 

average urine N input was quantified (Sect. 2.3). On a pasture cows can move freely and therefore the urine and dung patches 23 

may not be homogenously distributed on the entire area, which can lead to error prone emission estimates (Auerswald et al., 24 

2010; Bell et al., 2017; Laubach et al., 2013a). 25 

In order to assess the spatial distribution of the cow excreta on the paddocks X.11 and X.12 as main emission sources in our 26 

experiment, we used two different approaches. The number and position of dung patches was determined with a hand held 27 

GPS device within the first 3–5 days after grazing. In addition, the cow position on the pasture was monitored with a day–28 

night digital camera system at a temporal resolution of 10 minutes. The location of the individual cows were manually marked 29 

on the displayed pictures in a post processing step. However, the night mode often did not yield useful information and 30 

therefore images showing the cow positions during nighttime were very sparse. 31 
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In order to account for inhomogeneity of the excreta distribution within the investigated paddocks, they were divided as shown 1 

in Fig. 3a. The middle sections between the paired MD sensor paths represent the main source areas of the measured fluxes. 2 

Their excreta density dX.meas was related to the density of the entire paddocks d(X.11+X.12) to determine the excreta density 3 

correction factor kd: 4 𝑘𝑑 = 𝑑 𝑋. +𝑋.𝑑𝑋.𝑚𝑒𝑎𝑠            (2) 5 

The exemplary dung patch survey in Fig. 3a shows a positive deviation from the average paddock-wide density for both system 6 

M (kd = 1.28) and system G (kd = 1.40). However, dung observations were only available for two rotations for the paddock 7 

M.11, three rotations for G.11 and two rotations for X.12 while daytime cow position observation by camera was available for 8 

the whole measurement campaign for system M, and from rotation three onwards for system G. As cow excreta (mainly in 9 

form of urine) is the main source of NH3 emissions, missing dung density values were estimated based on a regression analysis 10 

(R2 = 0.98) between parallel surveys of density anomalies for dung patches and cow positions (Fig. 3b). 11 

The kd factors derived from the combined information of the dung patch and the cow position surveys were used to calculate 12 

integral NH3 emissions Eint for each rotation for the two investigated paddocks X.11 and X.12 (with corresponding areas A) 13 

for a time period between start of grazing until end of grazing (EOG):  14 

 15 

int = ∑ 𝑡 ∆𝑡 ∙ 𝑘𝑑− ∙ 𝐴𝑋. + 𝐴𝑋.𝑂𝐺+  𝑑𝑎
= 𝑎   𝑎 𝑖  16 

             (3) 17 

 18 

3 Results and Discussion 19 

This chapter is organized as follows. The first section (Sect. 3.1) shows the observed NH3 concentrations during the grazing 20 

campaign, whereas the next sections present and discuss the emission fluxes. Sect. 3.2 describes the measured area-related 21 

fluxes including interference correction and the gap filling leading to cumulative emissions over individual grazing events. 22 

The corresponding emission uncertainty and its sources are discussed in Sect. 3.3. The area related emission were converted 23 

to animal related emissions using cow and dung distribution monitoring results (Sect. 3.4) and further converted to emission 24 

factors related to animal urine N (Sect. 3.5). In the final section of the chapter (Sect. 3.6) the advantages and problems of the 25 

experimental design are highlighted.   26 

 27 
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3.1 Ammonia concentrations during grazing season 1 

The NH3 concentration values observed during the entire measurement campaign had a strong temporal and spatial variability. 2 

They were typically in the range of 4-15 µg NH3 m-3 with maximum values of about 100 µg NH3 m-3. As shown in Fig. 2 the 3 

highest concentrations usually resulted from advection from the nearby farm located in the northern direction of the miniDOAS 4 

instruments. This advection is weaker at the southern system G due to the larger distance to the farm. The general concentration 5 

pattern is nevertheless very similar for both systems. The highest wind speeds (above 4 m s-1) usually resulted in low NH3 6 

concentrations due to a good mixing of the atmospheric boundary layer with lowest concentrations coming from the south–7 

western direction. The higher background concentration from the north–easterly direction is probably a result of a nearby 8 

piggery some 350 m away. During the whole measurement period (beginning of May – mid of October) the MD instruments 9 

were online between 62 % (MD 6) and 85 % (MD 2) of the time.  Power failure and instrument errors were the main reasons 10 

for the partial data loss. The measurement campaign at the Chaumont mountain site (Sect. 2.2.1) led to a data loss for the first 11 

three days during rotation four. During rotation one no data of the MD instruments MD1 and MD6 could be acquired due to 12 

instrument errors.  13 

During the grazing period on the paddocks X.11 and X.12 the NH3 concentration difference increased (see example for one 14 

rotation in Fig. 4) due to increased excreta on the field, mainly in the form of urine. Concentration differences in the range of 15 

about 0 – 8 µg NH3 m-3 for system M and of about 0 – 15 µg NH3 m-3 for system G were measured. A few hours after grazing 16 

the concentration differences started to decrease significantly. Mostly within the first three to five days after the EOG the 17 

concentration differences reached values around the accuracy limit of the MD devices (about 0.2 µg NH3 m-3). Typically for 18 

the Swiss western plateau wind speed had a strong diurnal pattern with low wind speeds during nighttime. This often led to a 19 

weak mixing in the boundary layer and subsequent high observed concentrations. In order to avoid error prone emission 20 

estimates the concentration values were filtered according to Sect. 2.2.3. This led to low data availability for emission 21 

calculation especially during nighttime conditions. Precipitation events typically resulted in low concentrations and subsequent 22 

low concentration differences.  23 

3.2 Field scale fluxes  24 

The field scale fluxes were determined based on the concentration differences of the paired MD systems and the dispersion 25 

coefficient D (see Eq. 1) computed by the bLS model. The emissions typically showed a diurnal emission pattern with highest 26 

values occurring between midday and late afternoon, which correlated well with atmospheric driving parameters like air 27 

temperature, wind speed and global radiation (Fig. 5, horizontal axis). This emission behaviour can theoretically be explained 28 

with higher wind speeds and unstable conditions during daytime leading to a reduction of the aerodynamic resistance at the 29 

interface between the atmosphere and the urine patch surface and thus leading to higher emissions. Ammonia fluxes are also 30 

based on the thermodynamic equilibrium at this interface leading to higher emissions with increasing temperatures during 31 

daytime (Flechard and Sutton, 2013). Beside the diurnal variation, the emissions generally increased during the grazing phase 32 



9 
 

(typical grazing duration: 50-70 hours, Table 1) with a fast subsequent decrease afterwards (Fig. 5a, vertical axis). The 1 

observed emission fluxes usually decreased to insignificant values within 3–5 days after EOG. This management related 2 

temporal pattern could be parameterised as shown in Fig. 6, where daytime emission values are plotted against the elapsed 3 

time since the start / end of the grazing period. The emissions showed an approximately linear increase during the grazing (due 4 

to the continuous formation of new excreta patches) and an exponential decay after EOG. The decay or e-folding time of the 5 

exponential function was evaluated as 28 and 23 hours (37 % of maximum value at the beginning) for the systems M and G, 6 

respectively. 7 

Due to quality related data filtering (Sect. 2.2.3) and missing concentration data the emission time series had a considerable 8 

share of gaps that needed to be filled in order to calculate cumulative emissions. The following relatively simple gap filling 9 

procedure was applied: 10 

(i) Gaps shorter than three hours were filled by linear interpolation between available measurements 11 

(ii) For longer gaps during daytime, the management related emission curves in Fig. 6 (linear increase during grazing and 12 

subsequent exponential decrease) were fitted to the available daytime data of individual grazing phases. This allowed to 13 

account for different weather and soil effects between the rotations. 14 

(iii) Because of the low amount of available nighttime data, it was not possible to derive and fit individual curves for longer 15 

nighttime gaps. Thus it was assumed that the general temporal pattern is similar to daytime conditions (curves in Fig. 6) but 16 

with a lower amplitude for nighttime. The corresponding reduction factor (= 0.39) was based on the overall ratio between 17 

mean nighttime and daytime emissions during grazing.  18 

Due to the limited amount of measured data and the considerable number of possible environmental driving parameters (air 19 

temperature, global radiation, wind speed, precipitation, soil / leaf humidity, Fig. 5, also  Bell et al., 2017; Häni et al., 2016; 20 

Laubach et al., 2013b; Móring et al., 2016) the emissions were not parameterised as a function of these parameter but only as 21 

a function of grazing duration and elapsed time since start/end of grazing. Nevertheless, a good agreement was found using a 22 

linear increase of emissions during the grazing period and an exponential decrease afterwards.  23 

The applied flux measurement approach as described in Section 2.2 assumes a spatially limited emission between the two 24 

measurement paths and negligible emission upwind of the system. However, upwind paddocks were grazed while the 25 

measurement paddocks were in the emission decay phase. In some cases, depending on wind direction, the emission sources 26 

on the upwind paddocks can lead to a greater concentration signal of the inflow compared to the outflow instrument. They 27 

interfere with the concentration signals of the paddock(s) of interest and can lead to an underestimation of the true emission. 28 

In the strict sense this is a problem of an under–determined systems when fewer concentration detectors are available compared 29 

to the emission sources (see also Bell et al., 2017). To estimate the influence of grazed upwind paddocks, a default emission 30 

pattern Edef(t) according to the fitted curves in Fig. 6 was used. The effect of each upwind paddock i on the measured 31 

concentration difference C in Eq. 1 was calculated from the corresponding bLS dispersion coefficients for both MD systems 32 

Di,Upwind and Di,Downwind.  33 

 34 
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∆ corr =  ∑ def 𝑡𝑖 • 𝑖, Upwind − 𝑖, Downwind𝑖                 (4) 1 

 2 

This effect was corrected for in the flux calculation (Eq. 1). The resulting measured fluxes during the campaign were within a 3 

range of 0 to 2.1 µg N-NH3 m-2 s-1 for system M and 0 to 2.3 µg N-NH3 m-2 s-1 for system G.  4 

The cumulative integral emission Eint (Eq. 3) for each system and rotation was calculated based on the gap-filled half-hourly 5 

fluxes and the area of the investigated paddocks (see example in Fig. 7). Depending on atmospheric driving parameters (mainly 6 

precipitation) about half of the overall emission occurred during the grazing phase. Precipitation events during that time period 7 

led to a significant reduction in emissions with subsequent higher emission later on (observable especially during rotations 8 

two and the higher fluxes on the 14th of May in Fig. 6). Over the entire grazing season, cumulative emissions for the different 9 

rotations were retrieved under variable weather conditions with highest air temperatures recorded during rotation three to 10 

rotation six and the highest precipitation amounts occurring at the first three rotations (Table 3). The highest integral emissions 11 

occurred usually at the southern paddock and showed a strong temporal variability depending mainly on the grazing duration 12 

(Table 1) and N input (Table 3). The emissions during rotation seven on system G showed the largest magnitude of all single 13 

rotations and fields. This is also in line with the highest N input to the pasture from cow excreta. 14 

3.3 Uncertainty of emission flux measurements 15 

3.3.1 Effect of different error sources 16 

The performance of the miniDOAS devices for concentration measurements was optimised by adjusting the offsets among all 17 

four instruments during the 7-d inter-calibration at the Chaumont site between rotation 3 and 4. During that period the 18 

instruments were running in parallel and the measured concentrations (mostly 0 – 2 µg NH3 m-3) were compared to the 19 

measurements of wet chemical impingers. It was found that the potential bias between the instruments was below 0.2 µg NH3 20 

m-3 and was therefore similar to the results by Sintermann et al. (2016).  21 

Missing flux data were replaced either by values of the default emission curve (Fig. 6) or by applying a liner interpolation 22 

between measurements. The default emission curves were also used to estimate unwanted interferences in the measured 23 

concentration differences from emitting upwind paddocks. In order to test the sensitivity of the emission result to uncertainties 24 

in the gap filling method and interferences from upwind grazing, we varied the values of the default emission curve to 50 % 25 

and 150 % of the default values. The sensitivity towards the exponential decay time of the default emission curve was tested 26 

with a systematic increase in the decay time of 50 % (decay_slow) and a reduction of 30 % (decay_fast). We found (Fig. 8) 27 

that the relative effect of all simulated errors on the cumulative emissions was generally below 20 % for individual rotations 28 

(except for few outliers). The highest impact on the emission results was due to the uncertainty in the gap filling of missing 29 

values that predominantly occurred during night. Since the simulated error sources are independent, they were combined to an 30 

overall measurement related error of 17 % by Gaussian error propagation.  31 
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The bLS dispersion modelling is a well-defined approach and was evaluated extensively by Flesch et al. (2005), Harper et al. 1 

(2010), and McGinn et al. (2009) who found that the model uncertainty is typically in the order of 20 %. Combining the 20 % 2 

uncertainty for the bLS modelling and the 17 % measurement related uncertainty results in total mean systemic uncertainty of 3 

26 %. 4 

3.3.2 Artificial gas release  5 

For an exemplary test of the performance of the applied methodology, tracer gas releases were conducted at the same site in 6 

the year after the main experiment in June and July 2017. The gas was only released during stationary westerly winds in order 7 

to avoid advection from the nearby barn. Table 4 lists the main meteorological and technical aspects of the individual releases 8 

and shows the corresponding results. The duration of the releases strongly depended on the observed wind speed and varied 9 

therefore significantly.  10 

Due to the westerly winds MD 2 detected the upwind concentrations and MD5 the downwind concentrations. All 11 

measurements were averaged to 30-min values and the emissions were calculated following Eq. 1 (Fig. 9). In order to check 12 

the mass flow controller of the artificial source, the release rate of all single orifices were measured during three releases 13 

(release 2, 4 and 5). The observed differences between the summed orifice release rates and the measured mass flow from the 14 

gas cylinder varied between -7 and 9 % and an overall average of only 1 ± 8.7 %. The associated uncertainty of the artificial 15 

source of 17.4 % was calculated as two times the standard deviation. 16 

The quality of the calculated emission for each source experiment is defined as recovery rate which is calculated as the ratio 17 

of the measured cumulative emissions of the bLS and the cumulative measured emission from the flow controller (Table 4). 18 

Four out of five releases resulted in a recovery rate above 100 % and four release experiments showed a recovery rate between 19 

88 and 124 %. Release number one had an exceptional high recovery rate of about 150 %. During that particular release the 20 

dynamic pressure within the tubes of the system upstream of the flow controller was higher at the beginning compared to the 21 

following ones. Nevertheless, we have no conclusive explanation for this individual result. The overall mean of 111 % and the 22 

standard deviation of 18 % was calculated based on all individual half-hourly measurements. As the recovery rates were not 23 

significantly different from 100 % we can assume that the inverse dispersion methodology in combination with miniDOAS 24 

line sensors is suitable to quantify the NH3 emission of the pasture experiment.  25 

3.4 Animal related emissions  26 

As the bLS approach assumes a homogenous spatial distribution of emission sources within the investigated paddock, the 27 

actual distribution of the cow excreta could have a significant influence on the calculated emissions per animal or per excreta 28 

input. The relative density of the emitting urine patches was assumed to be proportional to the observed density of dung patches 29 

and/or animal positions as described in Sect. 2.4. Figure 10 shows the correction factor kd (Eq. 2, 3) of the excreta density in 30 

the main measurement section (between the MD instruments) from the mean density of the entire paddock area. In case of a 31 

uniform excreta distribution kd should be 1. However, a considerable heterogeneous distribution was found for the different 32 
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rotations and paddocks. On the southern pasture (system G) a generally higher excreta density was found between the MD 1 

devices in comparison to the averaged field. On the northern pasture (system M) the effect was more variable with negative 2 

deviations until rotation 5 and positive deviations towards the end of the grazing season.   3 

There is some uncertainty associated to the visual identification (for GPS localisation) of dung patches due to potential double 4 

counting or overlooking of dung patches on the paddock, and due to the use of the linear relationship between cow and dung 5 

density. But these errors are assumed to behave random-like and are thus relatively small resulting in a combined relative 6 

emission uncertainty of about 7 %. This is much smaller compared to the systematic uncertainty of the measured fluxes (Sect. 7 

3.3.1). Since there was no cow nor dung monitoring data available for system G during rotation 2, no correction for 8 

inhomogeneous excreta density was applied in this case, but a higher uncertainty (25 %) was attributed to the emission based 9 

on the variability of the dung density of the other rotations (Fig. 10). 10 

In order to calculate the animal related emission and the emission factor for the individual rotations, the derived cumulative 11 

emissions were corrected for excreta inhomogeneity (Eq. 3) by applying excreta density ratios kd shown in Fig. 10 (see also 12 

Eq. 2). The measured emissions per cow and grazing hour (h) stayed rather constant with a value of about 0.64 ± 0.11 g N-13 

NH3 cow-1 h-1 (mean ± one standard deviation) for system M and about 1.07 ± 0.12 g N-NH3 cow-1 h-1 for system G (Fig. 11). 14 

For comparison, the application of a 10 % standard emission factor for NH3 (EMEP/EEA, 2016) results in larger mean values 15 

and a larger variability (system M: 0.99 ± 0.24 g N-NH3 cow-1 h-1; system G: 1.22 ± 0.31 g N-NH3 cow-1 h-1).  16 

The error bars in Fig. 11 represent the total error of the absolute emissions. This error is predominantly due to systematic 17 

effects (Sect. 3.3.1) that are identical (bLS uncertainty) or very similar (gap filling uncertainty) for the two parallel pasture 18 

systems. Therefore these systematic errors are not relevant for the comparison of the two systems, for which only the random 19 

uncertainty and the instrument bias uncertainty (Fig. 8) have to be considered. The random uncertainty for the seasonal mean 20 

was estimated from the variability between rotations. In combination with the bias uncertainty this results in a significant mean 21 

difference between the two systems of 0.43 ± 0.13 g N-NH3 cow-1 h-1, corresponding to a relative reduction effect of the N-22 

balanced diet compared to the grazing-only diet of 40 %.        23 
 24 

3.5 Emission factors for the two pasture systems 25 

The EF values for individual rotations in Table 3 are based on the measured cumulative emissions relative to the urine N 26 

deposited (excreted) on the two pasture systems for the different rotations. They range within 4.9 % – 11.1 % for system M 27 

and show generally higher values for system G (range 7.2 – 16 %). The highest EF values were observed during the second 28 

rotation. They are mainly driven by the low N content of the grass on pasture resulting in low estimated urine N excretion 29 

(Table 2). The variation in EF is in contrast to the rather stable measured absolute NH3 emissions as shown in Fig. 11. This 30 

may indicate that the analysed grass samples are not fully representative for the selective grazing intake of the cows. On the 31 

other hand, an exceptionally high value of the measured emission is unlikely, because a rainfall event started during the second 32 

half of the grazing period and lasted almost two days with a precipitation amount of about 40 mm (data not shown). Typically 33 

smaller volatilisation of NH3 is expected during such weather periods (Sommer and Olesen, 2000). A delayed onset of the 34 
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emissions was observed as described in Móring et al. (2016) after the rain event stopped. However, the emissions were small 1 

compared to the ones observed during the first grazing day (roughly one third) and were therefore not able to counterbalance 2 

the reduced emissions of the second part of the grazing period.  3 

The annual average pasture EF and its uncertainty was derived from the overall means of NH3 emission and urine N input and 4 

resulted in 6.4 ± 2.0 % for system M and 8.7 ± 2.7 % for system G. The uncertainty of about 1/3 mainly stem from the 5 

systematic errors discussed in Sect. 3.3.1 and 2.4.  The found mean EFs are ranked towards the lower end of reported values 6 

(5 – 26 % of excreted urine N, e.g. Bussink, 1992; Jarvis et al., 1989; Laubach et al., 2012, 2013b) but are in line with the 7 

results (6 – 9 %) of the recent study by Bell et al. (2017). A single emission factor as used in many inventory models (e.g. 8 

EMEP/EEA, 2016; Kupper et al., 2015) would not be able to reflect the observed difference of 2.3 % between the two 9 

grazing/feeding systems in our experiment. The reduction in EF for system M is not statistically significant but may indicate 10 

a nonlinear effect of the N input rate on the NH3 emission, similar to the findings of the recent literature synthesis study by 11 

Jiang et al. (2017) who reported a higher emission factor with increasing fertiliser N application. Thus the optimised N-12 

balanced feeding strategy may decrease the NH3 emission even more than expected from the reduced urine N excretion.  13 

3.6 Advantages and problems of experimental setup 14 

The present field experiment was optimised to measure the NH3 emissions of two neighbouring pastures managed in an 15 

intensive rotation. The periodic high density of animals (55-70 cows ha-1) and fresh excreta on the grazed paddocks resulted 16 

in intermittent high fluxes and allowed to observe the temporal behaviour of the emissions (Fig. 6, Fig. 7). This would not be 17 

possible on a continuous grazing system with much larger paddock sizes and accordingly smaller excreta densities and 18 

emissions. For continuous grazing on large fields other micrometeorological measurement techniques like the eddy covariance 19 

(Ammann et al., 2012) would be preferable. The small paddock sizes in this study also kept the cow excreta heterogeneity on 20 

a moderate level, whereas on larger free range grazing areas the animals often gather at the same place (Cowan et al., 2015) 21 

leading to a more complicated quantification of the EF. While the distribution of dung patches and cows was monitored by 22 

means of visual inspection or evaluation of the camera images, a direct localisation of urine patches was not possible in this 23 

way. Sensors for urine patch detection exist, but are either still in development (Kumar et al., 2016), relatively expensive (Quin 24 

et al., 2016), or unpractically for field scale experiments (Dodd et al., 2015). Therefore we assumed a similar density 25 

distribution of dung and urine patches on the paddock (Auerswald et al., 2010; Luo et al., 2017).  26 

The present setup with the parallel pastures and accordingly similar micrometeorological conditions constituted an effective 27 

way to analyse the difference between the two systems as the main systematic uncertainty source of the single pasture emissions 28 

(bLS, Sect. 3.3.1) were cancelled out. However, subsequent grazing on neighbouring upwind paddocks could produce 29 

interferences with the measurements that could be corrected only in an approximate way. Another error source arose due to 30 

the strong variability of the measured crude protein in the grass with consequent high variability of the estimated N in the 31 

urine. It was not directly measured as automated monitoring techniques for urine N on the pasture are not yet mature enough 32 
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and still have some limitations regarding the animal welfare (Misselbrook et al., 2016). Manual measurements of the urine N 1 

amount were outside of the scope of this project due to the laborious work.  2 

4 Concluding remarks 3 

In a paired field experiment NH3 emissions on two pasture systems were measured for an entire grazing season under real 4 

practice conditions. The herds of the two pastures were kept in an intensive rotational grazing management with different 5 

protein to energy ratios resulting in different N excretion rates. The fast rotation with a short but high stocking rate and excreta 6 

deposition within the grazed paddock allowed to observe the temporal dynamics of the corresponding NH3 emission. Maximum 7 

emissions were found at the end of each grazing phase on the investigated area. Afterwards an exponential decay of the 8 

emissions led to non-significant low values typically within 3-5 days. A diurnal emission pattern with peaks during the 9 

afternoon was observed on all rotations. 10 

Monitoring of the cow and dung density distribution was essential for a quantitative comparison of the two systems. The 11 

emission per cow and grazing hour showed only a very limited variation over the season but a distinct difference (40 %) 12 

between the two systems. About half of this difference could be explained by the different urine N excretion rate of the two 13 

herds. The resulting average EFs were 6.4 ± 2.0 % and 8.7 ± 2.7 % for the herd with the N balanced diet and the herd with the 14 

N surplus in the forage, respectively. Thus the experiment showed the large potential of an optimised feeding strategy to reduce 15 

NH3 emissions. The results can also serve as a validation for the Swiss national emission inventory for NH3 emissions on 16 

pastures. It is recommended for further studies to include the regular analyses of the N content in the urine in order to overcome 17 

the associated uncertainties.  18 
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Table 1: Summary of grazing rotations 2016 on paddocks X.11 and X.12 investigated for NH3 emissions 1 

Rotation no. Start date  Sojourn time  

on pasture [h] 

Sojourn time  

in barn [h]  

1 2016–05–09 44.5 11 

2 2016–05–26 46.5 9 

3 2016–07–04 37 8.5 

4 2016–07–26 51 20.5 

5 2016–08–10 29 8 

6 2016–09–04 36.5 17 

7 2016–09–26 55 13 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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 22 

 23 

 24 
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Table 2: Measured driving parameters and resulting urine N and feces N of the animal N budget model averaged for the individual 1 
rotations and for each herd (system M / G). If only one number is given it corresponds to both herds simultaneously. Rotation 4 is 2 
not shown due to missing miniDOAS measurements.  3 

Rotation   

System 

1 

M | G 

2 

M | G 

3 

M | G 

5 

M | G 

6 

M | G 

7 

M | G 

Animal weight (kg) 639 | 635 646 | 635 636 | 637 630 | 630 630 | 637 633 | 637 

Days since calving 187 | 199 204 | 216 182 | 197 217 | 218 242 | 243 258 | 265 

Milk yield 

  (kg cow-1 d-1) 

26.7 | 25.3 24.4 | 23.7 25.0 | 23.8 23.3 | 23.3 23.2 | 20.6 19.2 | 15.9 

Grass crude protein 

  (g kg-DM-1) 

203 147 178 200 218 200 

Maize crude protein 

  (g kg-DM-1) 

91 | na 91 | na 89 | na 80 | na 72 | na 71 | na 

Urine N (g cow-1 d-1) 274 | 324 135 | 157 218 | 269 266 | 326 295 | 371 244 | 317 

Feces N (g cow-1 d-1) 160 | 157 146 | 146 150 | 152 150 | 151 153 | 149 147 | 142 
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Table 3: Cumulative emission results for paddocks X.11 and X.12 (combined) of the two pasture systems (M / G) during the 1 
individual rotations. Corresponding averaged weather parameters and N excretion input to the paddocks are also listed. Rotation 4 2 
is not shown due to missing miniDOAS data at the beginning of the rotation.  3 

Rotation   

System 

1 

M | G 

2 

M | G 

3 

M | G 

5 

M | G 

6 

M | G 

7 

M | G 

flux data coverage (until  

   3 days after EOG) [%] 

55 | na 65 | 44 34 | 39 na | 30 50 | na 51 | 50 

Air temperature [°C] 11.9 14.8 18.9 17.8 18.1 14.4 

u* [m s-1] 0.13 0.15 0.12 0.09 0.11 0.13 

Precipitation [mm] 51 75 61 7 33 10 

Integral  emission 

  [g N-NH3] 

332 | na 349 | 600 357 | 496 na | 341 277 | na 330 | 726 

N excretion total [kg] 9.6 | 10.7 6.5 | 7.1 6.8 | 7.8 5.9 | 6.9 8.2 | 9.5 10.8 | 12.6 

N excretion urine [kg] 6.1 | 7.2 3.1 | 3.6 4.0 | 5.0 3.8 | 4.7 5.4 | 6.7 6.7 | 8.7 

EF relative to urine N  

  input [%] 

5.5 | na 11.1 | 16.4 8.8 | 10.0 na | 7.2 5.1 | na 4.9 | 8.3 
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Table 4: Artificial source characteristics, environmental conditions, measured MD concentrations and recovery rates during the 1 
individual gas release experiments. Averaged values during the release periods are shown. For selected parameters, the standard 2 
deviation is given as well. 3 

        Release date  

Parameter 

09–06–2017 12–06–2017 19–06–2017 27–06–2017 12–07–2017 

Release duration 
[h] 

1.5 2.5 3.5 1.5 3.0 

Pressure 
[bar] 

5.48±1.15 5.14±0.1 3.57±0.51 5.05±0.07 4.68±0.29 

Flowrate [l/min] 3.12 ± 0.08 3.12 ± 0.07 2.59 ± 0.34 3.17 ± 0.04 3.13 ± 0.06 

Abs. Emission 
[g NH3] 

10.6 17.8 20.7 10.8 21.0 

Wind direction 
[°] 

269 272 256 230 240 

Friction velocity 
[m s-1] 

0.18 ± 0.04 0.26 ± 0.03 0.25 ± 0.04 0.26 ± 0.07 0.53 ± 0.05 

Air temperature 
[°C] 

20.1 25.6 26.0 24.6 24.1 

ΔC [µg NH3 m-3] 40.6 ± 10.3 29.5 ± 9.1 14.3 ± 4.9 26.4 ± 7.1 9.4 ± 2.3 

Upwind conc. 
[µg NH3 m-3] 

2.2 ± 1.9 3.3 ± 2.5 15.3 ± 1.4 6.6 ± 1.7 1.2 ± 0.3 

Recovery rate 
[%] 

150 ± 4 124 ± 10 88 ± 9 114 ± 9 112 ± 12 
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 1 

Figure 3: (a) GPS tagged dung positions recorded after grazing rotation 7 overlaid on a Google Earth image of the experimental 2 
area (Map data: Google, DigitalGlobe). The positions of the MD ammonia sensors/paths are indicated by the red dots/dotted lines. 3 
The white lines enclose the main emission measurement area between the sensors. Their dung patch density dX.meas was related to 4 
the average density over the investigated paddocks according to Eq. 2; (b) comparison of kd values according to Eq. 2 for dung patch 5 
and cow position distributions on system M (blue) and system G (green) 6 
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 1 

Figure 4: Time series of a) MD concentration measurements (MD2 and MD5) of on pasture system M and b) corresponding 2 
difference in concentration. The concentration differences during good wind conditions are shown in black colour while the grey 3 
colour indicate concentration differences during undesirable weather conditions. c) Time series of u* and global radiation. The blue 4 
dashed line indicate the 0.05 m s-1 u* threshold. d) Time series of wind direction. Wind direction values overlapping with the 5 
preferred wind sector (avoiding sector A and B, see Fig. 2) are shown in black colour. The preferred wind sectors are indicated by 6 
the red area. e) Time series of air temperature and precipitation. The grey shaded area indicates grazing on the paddocks in between 7 
MD2 and MD5.  8 
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 1 

Figure 5: a) Measured averaged half hourly fluxes of all rotations of the system M depending on hour of day and elapsed time since 2 
grazing on the paddocks in between MD2 and MD5 started. b) Half hourly averaged values of global radiation, wind speed and air 3 
temperature measured at system M during May to October 2016.  4 
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 1 

Figure 6: Average temporal pattern of management related NH3 emission for system M (blue) and system G (green) for daytime 2 
conditions. Curves with linear increase from start of grazing until three hours after end of grazing and exponential decrease 3 
afterwards were fitted to the 6-hourly averaged values of the measured daytime fluxes. These curves were used as default emission 4 
pattern for flux correction and gap filling (see Section 3.2). The vertical bars indicate the standard deviation of averaged half-hourly 5 
fluxes. The black vertical line indicates the end of grazing. For better readability the data points for the two systems were slightly 6 
shifted horizontally.  7 
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 1 

Figure 7: Measured emission of paddocks M.11 and M.12 (between sensors MD2 and MD5, Fig. 1a) during rotation 1. Missing half-2 
hourly flux data were filled based on either linear interpolation or on the default emission curve (Fig. 6) in order to compute the 3 
cumulative emission. For comparison the uncorrected emissions (interference of upwind grazing acc. to Eq. 4 not considered) are 4 
also shown. The shaded time intervals indicate grazing on the investigated paddocks.  5 
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 1 

Figure 8: Sensitivity analysis of various error sources on emission results for individual rotations.  Each boxplot shows the resulting 2 
relative effect of a potential systematic error. The investigated effects include the over- or underestimation of: the offset in 3 
concentration measurements (cyan), exponential decay times of the default emission curves in Fig. 6 (green), magnitude of default 4 
emission curves used for upwind source interference correction (red) and for gap filling (blue). 5 
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 1 

Figure 9: Released (red) and measured (blue) NH3 emissions during the artificial source experiment 3 on the 19 June 2017. The 2 
measured emissions were quantified using the concentration difference of the miniDOAS systems MD2 and MD5 and the 3 
corresponding modelled bLS dispersion coefficient. The error bars indicate the uncertainty of the artificial source (Sect. 3.3.2) and 4 
from the measured emissions (bLS dispersion modelling, Sect. 3.3).  5 
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 1 

Figure 10: Correction factor kd (Eq. 2, 3) of the excreta density for rotations with available emission results (Table 3). For the 2 
rotations without dung observations, the corresponding correction factors (hatched bars) were estimated based on a regression 3 
analysis between parallel surveys of density anomalies for dung patches and cow positions (Fig. 3b). The error bars show the 4 
corresponding uncertainty of estimated kd values as described in Sect. 3.4.  5 
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 1 

Figure 11: Emissions per cow and grazing hour for system M and system G. Measured values (thick dots and lines) in comparison 2 
to estimated values based on urine N amount from the N balance model and the EMEP standard emission factor for NH3 (10 %, see 3 
EMEP/EEA, 2016). The error bars (2σ) were calculated based on the methodological uncertainty (Sect. 3.3.1) and on excreta density 4 
uncertainty of the single rotations (Sect. 3.4).  5 
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