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Background

Ammonia emissions following land application of animal manures, whether as liquid slurries or as solid manure, gives rise to a significant proportion of the total ammonia emissions from agricultural sources. The volatilization of ammonia following land application has been shown to be significantly correlated to meteorological and soil factors such as air and soil temperature, humidity, solar radiation, rainfall and wind speed at the time of, and after, application 
 ADDIN EN.CITE 
(Braschkat et al., 1997; Genermont and Cellier, 1997; Menzi et al., 1998; Misselbrook et al., 2005; Moal et al., 1995; Søgaard et al., 2002; Sommer and Olesen, 2000; Sommer and Hutchings, 2001; Sommer et al., 1991)
. The influence of meteorological factors on ammonia volatilization has been shown to allow for associations to be made between temporal (seasonal and diurnal) variation in application timing and ammonia volatilization following land application of manures 
 ADDIN EN.CITE 
(Moal et al., 1995; Reidy and Menzi, 2007; Sommer and Olesen, 2000)
. 

While low emission application technologies such as band spreading, injection and rapid incorporation into soil are effective measures to reduce ammonia losses, they significantly increase the costs associated with manure application. However, ammonia losses can also be reduced using surface broadcast application methods (e.g. slurry application using splashplate) by targeting weather and soil conditions that result in lower ammonia volatilization. This may also be a more cost effective approach for farmers to adopt, since the requirement to purchase or hire more expensive equipment can be reduced or avoided.
Mechanism for emission reduction

There are two reasons why the volatilization of ammonia from surface applied manures is influenced by weather and soil conditions at the time of, for a period after, application. Firstly, factors such as increased temperature or air movement can result in a greater proportion of ammonia being liberated from the manure as ammonia gas. Secondly, meteorological and soil conditions can affect the rate of infiltration into soil and hence the time for which the manure will remain exposed to the atmosphere for volatilization to occur.
Huijsmans (2003) summarises the process of ammonia volatilization from applied slurry as being proportional to the concentration gradient between the ammonia (NH3) concentration at the surface of the manure, and the concentration in the air above the manure. The concentration of NH3 in the manure is directly related to the concentration of the ammonium (NH4+) in the manure. The influence of climatic factors on the transformation process of NH4+ to NH3 in manure and subsequent volatilization to air is shown in Figure 1.
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Figure 1. The influence of climatic factors on the process of ammonia volatilization form manures following land application (modified after Huijsmans (2003)). 
Potential for reducing emissions

Ammonia emissions are highest under warm, dry, windy conditions (i.e., when evapo-transpiration rates are high). Emissions can be reduced by optimising the timing of application, for example, under cool, humid conditions, e.g. in the evenings, or before, during or following light rain; also, by avoiding spreading during warm weather conditions, particularly during periods when solar elevation, and hence solar radiation input, is most intense (June/July) (Reidy and Menzi, 2007).
This is potentially a cost-effective approach as it can be done using broadcast application equipment. The potential emission reductions achievable through these measures will vary depending on regional and local soil and climatic conditions, and therefore the suite of measures that may be included will be specific to regional conditions.    

While the benefits of using such timing management practices have been long known, the main constraints are:

· the need to demonstrate that the approach can deliver a specified ammonia emission reduction target in practice, 

· the need to define carefully what is meant by reference conditions (in order to ensure correct reporting of the outcomes), and 
· the need to implement a system to manage this approach that verifies its implementation.

In order to allow the benefits of timing practices to be included, the above listed constraints can be addressed through the use of an Application Timing Management System (ATMS), which can be defined as: “a verifiable system for the direction and recording of solid and liquid manure application at different times, the adoption of which is demonstrated to show quantified farm-scale reductions in ammonia emissions”.  It is anticipated that use of any ATMS must demonstrate achievement of a specified ammonia emission reduction target, by comparison to the reference, in order for its benefit to be considered as part of international emission control strategies. 

Application Timing Management Systems may be designed to exploit several principles influencing ammonia emissions, the benefits of which will vary with local climate. This is likely to result in a regional variation in the potential for ATMS implementation. 
The following principles of an ATMS may be included:

a) Weather-determined variation in ammonia emissions. Ammonia emissions tend to be lower in cool and wet conditions and after light rain (though water-logging of soils can make spreading conditions unfavourable and reduce infiltration of slurry). Reidy and Menzi (2007) estimate a 10% reduction in emissions when application occurs during period of 12°C and 75% relative humidity (RH) rather than 15°C and 60% RH. The timing of application close to rainfall can also reduce the potential ammonia emissions 
 ADDIN EN.CITE 
(Genermont and Cellier, 1997; Misselbrook et al., 2005; Reidy and Menzi, 2007; Søgaard et al., 2002; Sommer and Olesen, 2000)
. Ammonia emissions can be predicted by coupling ammonia emissions models with recent and forecast weather conditions, as is already available in some countries (Chambers et al., 1999) and, in this way, land application can be restricted to favourable periods of predicted low ammonia emissions. 

b) Seasonal variation in ammonia emissions. Ammonia emissions can be estimated on a seasonal basis by generalising weather conditions for particular seasons. For example, seasonal variations lead to largest ammonia emissions in warm summer conditions and smaller emissions in cool, moist, but not frozen, winter conditions. Subject to other constraints, such as the objective to match manure application to the timing of crop needs, and the need to avoid water pollution, a targeted seasonal management of solid and liquid manure application has the potential to reduce overall annual ammonia emissions. Emission reductions based on seasonal management of manure application has been shown to potentially reduce emissions by c. 20% compared with previous normal practices 
 ADDIN EN.CITE 
(Moal et al., 1995; Reidy and Menzi, 2007)
.
c) Diurnal variation in ammonia emissions. Ammonia emissions tend to be smaller at night due to reduced air movement (windspeed), cooler temperatures and higher humidity. Applications between evening and early morning have been shown to reduce emissions by up to 50% compared with spreading during the middle of the day 
 ADDIN EN.CITE 
(Moal et al., 1995; Sommer and Olesen, 2000)
.
d) Timing of animal housing versus grazing as an effect on ammonia emissions. Ammonia emissions from livestock allowed to range outdoors with sufficient foraging area (e.g. cattle grazing) tend to be much smaller than for housed livestock, since this practice avoids ammonia emissions associated with housing, manure storage and landspreading of slurries and solid manures.  Therefore, subject to other constraints, such as water and soil quality issues arising from grazing during the winter, increasing the period in which animals are in the field is likely to significantly reduce the overall ammonia emissions associated with a livestock production system. This timing practice may be included in an ATMS since it affects the total amounts of manure to be spread.

Verification procedures for ATMS
One of the main challenges for any ATMS is to demonstrate an appropriate verification of the approach, particularly given the requirement to demonstrate the achievement of a specified quantitative emission reduction target at a farm scale.  The ATMS approach is considered most relevant at a farm scale, as it results from the overall outcome of a package of management and timing practices. The emission reduction target should also be applied on an annual scale as the emission reduction potential of this method is time dependent. 
The verification of an ATMS should include each of the following steps:

a) Verification of the core biophysical modelling tool used. A transparent description of the model used should be provided, underpinned by appropriate independent verification from field measurements. Ammonia emission prediction tools already in existence such as ALFAM (Søgaard et al., 2002), Volt’air (Genermont and Cellier, 1997), and MANNER (Chambers et al., 1999) are examples of models that are currently available for predicting ammonia emissions potential from manure applications. The estimates of these or other tools to be used in the implementation of an ATMS should be verified according to appropriate regional conditions.
b) Verification of the effect of specific timing management decisions on ammonia emissions. The degree to which the timing management leads to the target emission reduction required as compared with the reference conditions for that region should be demonstrated in a transparent manner for any ATMS being used.
c) Verification of actual practice. Any ATMS should be implemented in conjunction with an appropriate recording system, to ensure that the timing management recorded in the ATMS is being fully implemented.
Definition of the reference conditions for an ATMS
In the case of most low emission techniques for land application, the percentage reduction achieved can be generalized over a wide climatic area. By contrast, where an ATMS is used, a more detailed definition of the reference conditions is needed.  Overall, the same reference technique applies (free broadcast surface application of slurries and solid manures), but where an ATMS is used, the reference must also be defined on a farm level according to existing practices. In order to account for regional variability in climate and inter-year variability in meteorological conditions, it is recommended that the reference condition for an ATMS should be defined as:  “the combination of manure application management practices, and their timing, at a farm scale during a specified reference period, when using the reference application method (broadcast spreading), accounting for variability in meteorological conditions over a three year period”.
The emission reduction potential of an ATMS should therefore be verified for the region within which it may be adopted. Ammonia emission simulation models will, in general, need to be used as part of the verification of the efficacy of the ATMS. 
An ATMS may be used in combination with other measures for reducing ammonia emissions following land application of manures, such as slurry application method technologies or incorporation of manures into soil. However, the additional absolute ammonia emission reduction of an ATMS will vary depending on the emission reduction potential of the accompanying application method. The joint contribution of both low emission application methods and an ATMS may be considered within a suite of measures to meet the overall farm scale ammonia reduction target.

Costs of implementing an ATMS

Depending on the type of ATMS to be implemented, the main additional costs of using an ATMS will be associated with reduced flexibility in timing of manure application and the associated administrative costs necessary for the verification.  Potential cost savings may be found by combining ATMS approaches with advice on managing farm nitrogen stocks more effectively. 

Other considerations

Application prior to, during, or following, weather conditions that increase the risk of nutrient loss to waters should be avoided. Aspects of safety associated with machinery operation at certain times, particularly during hours of darkness, should also be considered when designing an ATMS. Conditions that favour reduced ammonia emissions (e.g. humid, no wind) may give rise to problems with offensive odours by preventing their rapid dispersion.
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Temperature: increasing manure temperatures increases the ratio of  volatile NH3 to non-volatile NH4+ in manure.


Rainfall: increases the rate of infiltration into soil, thereby allowing faster soil adsorption of NH4+.


Soil conditions: conditions may allow faster infiltration (either due to porosity or moisture status) of liquid manure into soil.





Evaporation: drying of manure increases the NH3 concentration in manure. (Affected by temperature, wind, humidity and solar radiation).


Wind: the movement of the air above manure dilutes the NH3 concentration in the air, thereby increasing the concentration gradient between manure and air.


Rainfall: dilutes the NH4+ and NH3 concentrations in the manure; and also reduces ammonia losses caused by drying








