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1 INTRODUCTION  

Agriculture is the major source of anthropogenic ammonia (NH3) emissions in the atmosphere; in particular, 

livestock waste accounted for 40.5% of the global source of NH3 in 1990 (Bouwman et al. 2002). Ammonia, derived 

mainly from animal manure, is a reactive gas, and it readily combines with nitrate and sulfate to form fine 

particulate matter (Asman et al. 1998). Such fine particles containing ammonium (NH4
+
) can be transported over 

long distances before being dry- or wet-deposited, but gaseous NH3 is usually deposited much closer to the source 

(Asman and Jaarsveld 1992). When NH3 is deposited, it not only causes acidification and eutrophication of natural 

ecosystems (Schulze et al. 1989) but also accelerates global warming through the indirect emission of nitrous oxide 

(van der Gon and Bleeler 2005). 

In Japan, the dense population, relative to that in other developed countries, and limited agricultural land 

necessitate intensive crop production and the importation of feed for dairy and meat production. Therefore, nitrogen 

(N) loading on farmland is fundamentally high: 61% comes from livestock manure, which accounts for 201 kg N ha
-

1
 on average (Hojito et al. 2006a). The estimated emission of NH3 from livestock manure averages 9.6 kg N ha

-1
 

calculated using a unit method on the prefecture level (Hojito et al. 2006b). Grassland for forage production can be a 

source of NH3 owing to N fertilization by livestock manure. On the other hand, it also acts as a sink of NH3, 

particularly in a region with a high atmospheric concentration of NH3, such as intensive dairy farming regions where 

many farms emit NH3. Thus, in agriculture involving high N-loading conditions, such as that in Japan, the NH3 

exchange between the land and the atmosphere is possible to be large as we reported in the early studies of wet 

deposition and atmospheric concentrations of ammoniacal nitrogen, i.e., NH3 and NH4
+
 (Hojito et al. 2006a, 2006b). 

However, no information concerning dry deposition has been obtained in this intensive dairy farming area. 

In this paper, 3 years of observations of NH3 exchange on grasslands in an intensive dairy farming region 

in central Japan are presented, and, with consideration given to the results from other reports, we discuss the ratio of 

N deposition to the amount of NH3 emission in the area. 

 

2 MATERIALS AND METHODS 

Field management 

A field study was carried out on grasslands; The dominant plant species were Orchardgrass (Dactylis 

glomerata L.) and Italian ryegrass (Lolium multiflorum Lam.). The site is located in a dairying region typical of 

Japan, with a number of dairy farms nearby and up to 5 km northeast of the site. A manure plot (2.3 ha) and a 

chemical fertilizer plot (2.4 ha) were set up side by side, with no replication. The manure plot received composted 

dairy cattle manure 15 Mg ha
-1 

in 2004, 32 Mg ha
-1 

in 2005, 30 Mg ha
-1 

in 2006, 30 Mg ha
-1 

in 2007 (at the time of 

renovation in September), and 30 Mg ha
-1 

in 2008. The manure plot also received chemical N fertilizer at 139-157 

kg N ha
-1

 each year, and the chemical fertilizer plot received 186-198 kg N ha
-1

 each year. The amount of NH4
+
-N 

applied as a chemical fertilizer was equivalent to 139 to 157 kg N ha
-1

 in the manure plot and 56 to 59 kg N ha
-1 

in 

the chemical fertilizer plot in 2006, 2007, and 2008, but the amount of applied NH4
+
-N as composted manure was 

very little, although the amount of applied N as composted manure, 124-253 kg N ha
-1

, was on par with that of 

chemical fertilizer. The plots were harvested four times in 2006 and 2008 and three times in 2007. 
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Field measurement of ammonia flux 

 The atmospheric NH3 concentrations at two heights (0.7 and 2.4 m) were measured by the filter-pack 

method using filters impregnated with a mixed solution of 5% (v/v) H3PO4 and 2% (v/v) glycerol and then dried 

under clean conditions (Hayashi et al. 2009). The air flow rate was ca. 5 L min
-1

. Over the air intake, we placed a 

polytetrafluoroethylene membrane filter with a pore size of 0.8 µm to remove dust and particles, including 

particulate ammonium.  

The NH3 concentration was measured weekly with the exception of the week immediately following the 

application of the chemical fertilizer and compost, when it was measured three times a day (09:00, 15:00, and 

21:00). NH3 trapped on the filter paper was extracted with deionized water and measured with a flow injection 

analyzer. 

Fluctuations in the three-dimensional wind velocity and virtual temperature were measured at 10 Hz with 

a sonic anemometer-thermometer installed at a height of 2.5 m (manure plot) or 2.3 m (fertilizer plot). The soil 

temperature and moisture were measured at 5 cm depth in each plot with T-type thermocouples and dielectric 

aquameter sensors, respectively. The air temperature and relative humidity were measured at 2.5 m height with a 

temperature-humidity sensor equipped with a stainless steel ventilated tube. Precipitation was measured with a 

tipping-bucket rain gauge. The data were sampled with a data logger. The data loggers computed and recorded 30-

min means (integrated value for precipitation). 

A gradient method was used to calculate the exchange flux of NH3 between grasslands and the 

atmosphere. On the assumption of the similarity between the heat and mass transfers, the exchange flux of NH3, F 

(µg N m
-2

 s
-1

), is expressed as (Wyers and Duyzer 1997): 

 

(1), 

 

where u* is the friction velocity (m s
-1

) and c* is the eddy concentration (µg N m
-3

). u* was obtained from the sonic 

anemometer; c* was calculated (Matsuda et al. 2005) as: 

 

 

(2), 

 

 

 

where ∆c is the difference in the atmospheric concentration (µg N m
-3

) between two heights, z1 and z2 (m); κ, von 

Karman’s constant (= 0.4); L, the Monin–Obukhov length (m); Ψh, the integrated stability correction function for 

heat (Arya 2001); and d, the zero-plane displacement height (m) (Thom 1971). L was obtained from the sonic 

anemometer, and d was approximated as 0.7 h (Smith et al. 2000), where h is the canopy height of the grassland 

(m). 

  

3  RESULTS AND DISCUSSION  

Ammonia emission fluxes 

Sharp positive fluxes indicating NH3 emission were observed in both plots just after the chemical 

fertilizer application and in the manure plot in November. The peaks were particularly high in July and September 

and even higher in the chemical fertilizer plot. At all other times negative fluxes ranging from 0 to -10 g N ha
-1

 hr
-1

 

indicated dry deposition of NH3 . 

 

Dry deposition and annual balance of NH3 at the study plots 

The 3-year means of the annual balance of NH3 exchange (emission-deposition) were -14.4 kg ha
-1 

in the 

manure plot and -18.6 kg ha
-1 

in the chemical fertilizer plots; the average of the two plots was -16.5kg ha
-1

. The 

balances show the dominance of NH3 dry deposition in both plots(Table 1). The generally high concentration of 

atmospheric NH3 at the research site was the fundamental cause of the dominance of dry deposition. The high NH3 

concentrations were due to the emissions of NH3 from the intensive dairy farms near the research site. A similar 

intensity of wet deposition of 18 kg ha
-1

 in the same area was also reported (Hojito et al. 2006a). In the present 

study, the influence of the particulate ammonium on dry deposition was insignificant considering the results 
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obtained, which concentrations showed no difference between the plots, the two heights, and the seasons. The total 3 

years emission of NH3 from both plots was around 20 kg ha
-1

 yr
-1

, which corresponded to 4.4% and 11.6% of the 

applied NH4
+
-N (2.0% and 3.5% of T-N) in the manure and chemical fertilizer plots, respectively.  

 

TABLE 1  Annual balance of ammonia fluxes  

              2006-2007              2007-2008             2008-2009     2006-2009 Annual aver ageSD

Balance + - Balance + - Balance + - + - Balance

-10.1 8.5 -18.6 -13.6 8.3 -22.0 -19.3 3.6 -22.9 20.5 -63.5 -14.4 4.6

(% of NH 4-N) 5.4 5.1 2.5 4.4

3.0 2.0 1.0 2.0

-20.4 4.3 -24.8 -20.6 9.4 -29.9 -15.0 6.3 -21.3 20.0 -76.0 -18.6 3.2

(% of NH 4-N) 7.3 16.8 11.0 11.6

2.2 5.0 3.3 3.5

 +: Emission, -:Deposit ion

(% of T-N)

Table 1   Annual balance of ammonia fluxes    kgNha
-1

Tr eat ment

Manur e

(% of T-N)

Fer t ilizer

 
 

Estimation of the ratio of N deposition to emission in the area and its uncertainty  

Using the obtained data of NH3 dry deposition in the two grassland areas in the present study in 

combination with the data of NH4
+
 wet deposition from an early study (Hojito et al. 2006a), the total ammoniacal N 

deposition in the study area can be evaluated. The NH4
+
 wet deposition in this intensive dairy farming area from 6 

monitoring sites averaged 18 kg N ha
-1 

yr
-1

; however, the open-bulk samplers to collect rainwater also involved dry 

deposition components to some extent (Hojito et al. 2006a). Assuming that the measured dry deposition in the 

present study represents the average of the intensive dairy farming area, the total deposition of ammoniacal N was 

estimated to be 34.5 kg N ha
-1

 yr
-1 

as the input from the atmosphere to the area. To specify the area for the NH3 

generation, a set of communities was selected, corresponding to a unit of statistical data in the agricultural census 

(Ministry of Agriculture, Forestry and Fisheries 2001) covering 8310 ha (including 2161 ha of agricultural land), 

which was selected as an overlap in the former report (Hojito et al. 2006a). The amount of N produced in livestock 

excreta calculated from the livestock number was 1650.5 Mg, equivalent to 199 kg N ha
-1

 yr
-1 

over the entire land 

area (or 764 kg N ha
-1

 yr
-1 

over the agricultural area), an extremely high N load. The total deposition of 34.5 kg N 

ha
-1

 yr
-1 

corresponded to 17.3% of the amount of generated N as livestock manure. Emission factors of NH3 from 

livestock manure differ among livestock species and manure treatment methods. In the case of dairy cattle, the sum 

of NH3 emissions throughout the timings at livestock barn, manure treatment, and application of manure to arable 

lands ranges from 17% to 27% of the total N of livestock manure. Assuming that 25% was selected as a 

representative value of NH3 emission factor from livestock manure, 412.6 Mg of NH3-N was emitted from livestock 

manure in the study area, which was equivalent to 49.7 kg N ha
-1

 yr
-1

; then, the atmospheric deposition of 

ammoniacal N, 34.5 kg N ha
-1

 yr
-1

, accounted for 69.5% of the NH3 generated and emitted to the atmosphere in the 

area. This is the internal N flow via atmospheric NH3. 

This estimation, however, includes many uncertainties. Since not all of the deposition is originated from 

local sources, some correction is needed to give an accurate estimate of the ratio of N deposition to emission in a 

target area. How well the estimated dry deposition represents the region is uncertain. Since dry deposition is affected 

by many factors, including type of vegetation, phenology, topography, soil, and weather, a rational method of 

estimating dry deposition in the target region is needed. A method to accurately estimate wet deposition 

independently of dry deposition is also needed. Furthermore, by obtaining accurate NH3 emission rates in relation to 

the actual farming management of the region, we can more accurately and practically estimate the ratio of N 

deposition to emission through atmospheric NH3. 

 

4 CONCLUSIONS 

Grasslands in the intensive dairy region acted as a net sink of NH3, receiving 16.5 kg N ha
-1

 yr
-1

 of NH3 from the 

atmosphere. Applications of chemical fertilizer and composted manure caused temporary NH3 emissions, 

corresponding to NH3 volatilization losses of 11.6% and 4.4%, respectively, of the applied NH4
+
-N. Atmospheric 

deposition of ammoniacal N to the grassland was estimated to be 34.5 kg N ha
-1

 yr
-1

, which corresponded to 17% of 

the amount of N generated as manure in this region (199 kg N ha
-1

). Assuming an average NH3 emission factor of 

25% to the generated N as livestock manure, the atmospheric deposition of ammoniacal N corresponded to 69.5% of 
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the emitted NH3 from livestock manure in the study area. Thus, emission and deposition of NH3 through the 

atmosphere within the area was an important internal flow of the N cycle in the intensive dairy farming area.  

 

REFERENCES 

Arya SP 2001: Introduction to Micrometeorology 2nd ed. International Geophysics Series, 79, Academic Press, 

London, 450p.  

Asman WAH, van Jaarsveld HA 1992: A variable resolution transport model applied for NHx in Europe. Atmos. 

Environ. 26A, 445-464.  

Asman WAH, Sutton MA, Schjoerring JK 1998: Ammonia emission, atmospheric transport and deposition. New 

Phytol. 139, 27-48. 

Bouwman AF, Boumans LJM, Batjes NH 2002: Estimation of global NH3 volatilization loss from synthetic 

fertilizers and animal manure applied to arable lands and grasslands. Global Biogeochem. Cy., 16, 1024. 

Hayashi K, Koga N, Yanai Y 2009: Effects of field-applied composted cattle manure and chemical fertilizer on 

ammonia and particulate ammonium exchange at an upland field. Atmos. Environ., 43, 5702-5707. 

Hojito M, Hayashi K, Murano K, Mori A 2006a: The status of wet deposition of nitrogen compounds in an intensive 

dairy farming area in central Japan. Jpn. J. Soil Sci. Plant Nutr., 77, 47-52 (in Japanese with English 

abstract). 

Hojito M, Hayashi K, Murano K, Mori A 2006b: The status of atmospheric concentrations of ammonia in an 

intensive dairy farming area in central Japan. Jpn. J. Soil Sci. Plant Nutr., 77, 53-57 (in Japanese with English 

abstract). 

Matsuda K, Watanabe I, Wingpud V, Theramongkol P, Khummongkol P, Wangwongwatana S, Totsuka T 2005: 

Ozone dry deposition above a tropical forest in the dry season in northern Thailand. Atmos. Environ., 39, 

2571-2577. 

Ministry of Agriculture, Forestry and Fisheries 2001: Agricultural Census 2000 Tochigi Prefecture data CD-ROM. 

Ministry of Agriculture, Forestry and Fisheries, Government of Japan (in Japanese). 

Schulze ED, de Vries W, Hauhs M, Rosen K, Rasmussen L, Tamm CO, Nilsson J 1989: Critical loads for nitrogen 

deposition on forest ecosystems. Water Air Soil Pollut. 48, 451-456. 

Smith RI, Fowler D, Sutton MA, Flechard C, Coyle M 2000: Regional estimation of pollutant gas dry deposition in 

the UK: model description, sensitivity analyses and outputs. Atmos. Environ. 34, 3757-3777. 

Thom AS 1971: Momentum absorption by vegetation. Q. J. Roy. Meteor. Soc., 97, 414–428.  

van der Gon H, Bleeker A 2005: Indirect N2O emission due to atmospheric N deposition for the Netherlands. Atmos. 

Environ., 39, 5827-5838. 

Wyers P, Duyzer J 1997: Micrometeorological measurements of the dry deposition flux of sulphate and nitrate 

aerosol to coniferous forest. Atmos. Environ., 31, 333-343. 


