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Abstract. Agricultural livestock represents the main source lation rate. Further development of the plume technique is
of ammonia (NH) in Europe. In recent years, reduction poli- especially relevant for naturally ventilated farms, since the
cies have been applied to reduce Neinissions. In order to  variable ventilation rate makes other emission measurements
estimate the impacts of these policies, robust estimates dfifficult.

the emissions from the main sources, i.e. livestock farms are
needed. In this paper, the NHemissions were estimated
from a naturally ventilated livestock farm in Braunschweig,
Germany during a joint field experiment of the GRAMINAE 1 Introduction

European project. An inference method was used with a

Gaussian-3D pl_ume model _and with the Huang 3-D mOdel-Atmospheric ammonia (N§ is recognized as a major pol-
NH3 concentrations downwind of the source were used t0yant impacting on sensitive ecosystems (Bobbink et al.,
gether with mlprometeo_rolog|cal data to.est|mate the SOUrce 9g92). NH; deposition may indeed cause soil acidification
strength overtime. Mobile Ngiconcentration measurements {hyough nitrification processes (van Breemen et al., 1982),
provided information on the spatial distribution of source although this depends upon the biological and chemical sta-
strength. The estimated emission strength ranged betweegys of the soil on which it is deposited, and upon the form
6.4+0.18 kg NH’»_d_l (Huang 3-D model) and 920.7kg  of NH, deposited (NH or NH;) (Galloway, 1995). Further-
NHgd~* (Gaussian-3D model). These estimates were 94%yqre, atmospheric inputs of NHnay induce eutrophication
and 63% of what was obtained using emission factors fromt sensitive ecosystems, as well as decrease their biodiversity
the German national inventory (9.6 kgtiNHs). The effect (Heij and Schneider, 1991; Bobbink et al., 1992). Agricul-
of deposition was evaluated with the FIDES-2D model. This e 'is the main source of NHn Europe (Asman, 1992; Heij
increased the emission estimate to 11.7 kgsNH, show-  and Schneider, 1995), and represents more than 80% of the
ing that deposition can explain the observed difference. Thegig) anthropogenic input at the global scale (Bouwman et
daily pattern of the source was correlated with net radiationaL, 1997). The inventory studies of Pain (1990), of Pain et
and with the temperature inside the animal houses. The daily (1998) and Bhler et al. (2002) show that cattle represents
pattern resulted from a combination of a temperature effect,o largest source of agricultural Niémissions in Europe.

on the source concentration together with an effect of vari-these studies as well as Bussink et al. (1998) also showed
ations in free and forced convection of the building venti- {hat petween 40% and 50% of the emissions from cattle arise
from housing and waste storage, housing itself representing
about 7% to 10%. There are also important emissions from

Correspondence toA. Hensen pig and poultry production, although the emission factor per
m (hensen@ecn.nl) animal is smaller for these animals.
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Fig. 1. Overview of the measurement site. The three locations of Blifconcentration measurement (grey circles) used in this analysis

are indicated as Site 1, Site 2 and Site 3. The plume transect measurements were made along the track at Site 3. The sources buildings a
labelled from A to K (see Table 1). Distances are shown on the axes of the map in meters (For further description of the site, see Sutton,
2009a).

Measurement of Nklemissions from naturally ventilated U and Kz with height also exist (e.g., Smith, 1957; Philip,
animal houses is technically complex, expensive, and labout959; Yeh and Huang, 1975; Huang, 1979; Wilson et al.,
intensive (Phillips et al., 2001; Scholtens et al., 2004; Welch1982). The technique using Gaussian models to infeg NH
et al., 2005a, b). This is primarily due to difficulties in source from a farm building has been reported in Mosquera
determining the ventilation rate, which varies according toet al. (2004). Lagrangian stochastic models have also been
temperature, wind speed, building design, orientation to thaested to infer sources of tracers from concentration measure-
wind and animal occupancy (Zhang et al., 2005; Welch et al. ments downwind of sources such as animal houses (Flesch et
2005b), but also to difficulties inherent in accurately measur-al., 2005) cattle feedlots (Flesch et al., 2007) and fields (Lou-
ing the ammonia concentration on short-time basis (Phillipsbet et al., 2006; Sommer et al., 2005). More complex Eule-
et al., 2005). However, methods such as the internal or exfrian models have also been used and validated against ex-
ternal tracer-ratio techniques or the flux-sampling techniquetensive measurements for estimating emissions of b
have been successfully tested under real conditions (Dembuildings (Welch et al., 2005b).

mers et al., 2001; Dore et al., 2004). In this paper, a Gaussian 3-D and the Huang (1979) 3-D

Dispersion models can be used as tools to estimate anmodel are used to estimate the source strength of a set of
monia emissions from animal houses. Among them, thefarm buildings at an experimental field site in Braunschweig
Gaussian-3D model, assuming constant wind-sp&edaqd (Germany). The stationary measurements of ammonia con-
diffusivity (Kz) with z is widely used because of its simplic- centrations were used to infer the source strength of several
ity (Gash, 1985). Analytical models that include variation of farm buildings upwind. The inferred emissions are compared

Biogeosciences, 6, 2842860 2009 www.biogeosciences.net/6/2847/2009/
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with inventory emission factors. The daily variability of the tem, described in Erisman et al. (2001), is essentially similar
emissions is analyzed in comparison with environmental facto an AMANDA, but the liquid flow is higher (10 mlI mint
tors such as indoor temperature, external radiation and windnstead of 1.6 mI mint). However, it does not give an abso-
speed. The inferred emission strengths are used in a compatute concentration, and therefore requires regular calibrations
ion paper (Loubet et al., 2006) as inputs for quantifying theagainst a reference. The fast response sensor was placed on
local advection errors induced by the plume coming from thea trolley and moved along a track through the plume cross-
farm on NH; fluxes measured over a grassland site nearbysection, and calibrated against the three AMANDA sensors
This study was performed within the framework of the Euro- on the same transect (Fig. 1). Note that the calibration was
pean project GRAMINAE. done on differing integration time, as the AMANDA inte-
grates over 15 min. Four subsequent transects were used to
) evaluate the emission strength with these data.
2 Materials and methods

. 2.3 Micrometeorological measurements
2.1 Measurement site

Micrometeorological measurements were performed at

The field site is a 12 ha expgrimental grassland situated in th%ites 1 and 2. The consensus micrometeorological database
grounds of the Federal Agricultural Research Centre (FAL)’derived from the range of measurements performed and de-

aBrrlael:anSecrri]r\;v:ﬁéleaerrrr:iwﬁeEI):I;\echﬁ dagjgt; (:ir:)tnt(c))ft:;]ee f'GeEI::n?;itailed in Nemitz et al. (2009) was used in this study. The
P ind-speed ), wind-direction WD), friction velocity (),

wweather Service (Deutscher Wetterdienst). A g?rezgggge(r/llonin-omkhov length &), and sensible heat fluxes/(,
Ipt : und in su -( ) were derived from several ultrasonic anemometer measure-

The main source of ammonia in the area is the set of farm .
buildings A-K (Fig. 1). The distance from west to east is ments. The latent heat fluk ) was derived from eddy co-

nameds. whereas the distance from south to north is Ca"edvariance measurements using the ultrasonic anemometers in
L ] : combination with a close-pathJ® analyser (Licor 6262) or
v, and height above ground s The distance between the path® yser ( )

downwind edge of the farm buiding area and the different Pc" HpS::ifig ;”F%'fne(; gfo%gl)é\')r:flg“ﬂiﬁgéleaﬁ“gn ;fil)
sites are: 230 m for Site 3 where plume measurements were
. . . were also used.

done, and 610 m for Site 1, were micrometeorological mea-
surements were done. The farm buildings themselves oc-
cupy an area of approximately 180m (E-M800m (S-N). 3 |nference of the source strength from Nk
Table 1 gives an estimate of the yearly pNiEmission for concentration
each building identified in Fig. 1, based on the emission
factors of Dbhler et al. (2002) which can be compared to 3.1 General approach
measurement-based estimates emissions factors from Dem-
mers et al. (2001) in Great-Britain, which are 3.5 and 8.9 kgln this paper, we compare two models: a 3-D Gaussian plume
NH3 animal-tyear!, for beef and dairy cattle, respectively. model that assumes a constant wind spéBdnd diffusivity

. (K,) everywhere and the Huang (1979) 3-D model (Huang-
2.2 Concentration measurements 3D) that assumes that both and K, are power low func-
tions of height, and a plage source. Moreover, the FIDES-

The locations of ammonia concentration measurements ar'8H model which is also based on Huang (1979) but assumes
shown as grey dots in Fig. 1. Three AMANDA rotating wet cross-wind homogeneity of the source (see Loubet et al.,

denuders (Wyers etal., 1993) were placed along the N-S tran2001, for details) is also used to estimate the potential er-

sect at_Slte 3,_ which gave_Ml—toncentrgnons onalsmin . 4 by neglecting deposition or emission of\fkbm
averaging period at 1 m height. These instruments were alsﬂearby fields

usgd to calibrate a fast-response mpbileghﬂﬁalysgr, itself Three inference methods were used to estimate the source
being moved a}long _the I_\lorth—West line on the adjacent traCkstrength variability in space and time:
(marked as Site 3 in Fig. 1), to measure the plume cross-

section at 1.5m height. The background Ntdncentrations 1. The Gaussian-3D model was used in conjunction with
were measured with a batch denuder system, located at 42m  mgpjle NH; measurements to estimate the source

height on the top of a tower (Site 6 in Fig. 1), which was lo- strength, based on a source distribution equivalent to the

cated at approximately 1600 m East-North-East of the farm emission inventory.

and 800 North-East of the grassland. Mean and standard de-

viation of the concentration were estimated for Site 3 over 2. The Gaussian-3D model was used in conjunction with

the three measurement systems. concentrations measured at the three locations of Site 3
For the mobile measurements, a fast response AMANDA to estimate the spatial distribution of the source using

sensor was used, with a time resolution of 30s. This sys- wind-direction changes.

www.biogeosciences.net/6/2847/2009/ Biogeosciences, 6, 28602009
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Table 1. Description of the farm animal houses, along with their potential emission estimated using German national emission factors
(Dohler et al., 2002) and inventoried number of animals. The total yearly emission of the source1@33<§ year 1 NH3 and the total
number of animals is 553. The corresponding average daily total emission is 9.6 RiHs.

Source numberon  Animals Nr. of animals Emission factor per animal  Emission per building  Percentage contribution

map in Fig. 1 kg NH animat?year! kg NH3 year1 %

A Cattle 60 10.35 621 18%
B Cattle 60 10.35 621 18%
C Cattle 11 10.35 114 3%
D Cattle 48 10.35 497 14%
E Bulls 64 3.89 249 7%
F Cattle 80 10.35 828 24%
G Calves 60 3.89 233 7%
H Calves 0 3.89 0 0%
| Pigs 80 1.97 158 5%
J Pigs 45 1.97 89 3%
K Pigs 45 1.97 89 3%

Total - - - 3108 100%

3. The Huang-3D and the Gaussian-3D model were use®.2 The Gaussian-3D model

in conjunction with 15min NH concentration mea- _ _ _
sured at Site 3 to estimate the time course of the emisThe Gaussian-3D model is based on the assumptiong/that

sions, knowing its spatial variability. andK, are constant in the whole domain, which implies that
x(x, v, z) is a function of two independent Gaussian dis-
The basic hypothesis made in these approaches are: (a) Uftiputions in the horizontal and the vertical planes (see e.g.
less specified, no N¢ideposition is included, as itis consid- | jn and Hildemann, 1997). The contribution from a single
ered to be of secondary importance compared with the effec§oyrce located ate(, ys, z,) to a point receptor located at,(

of dispersion on the concentration (e.g., Loubet and Cellier,, ) is the dispersion functiod(x, y, z/%,ys, zs), which
2002); (b) no chemical reactions are envisaged, as again thgas calculated using =x—x, andY=y—y;, as:

effect on the overall NBl concentration is not expected to

be large on such a small scale (Nemitz et al.; 2009); andp(x,y,z) = _Q e~ YV2/ 20y

(c) the surface characteristics are considered to be homoge- 7T 0y -0z

neous (i.e.zp, d), since the models used cannot deal with .(e—(z—zs)z/(Z-crz)z+e—(z+zs)2/(2-az)2> @)
varying surface roughness, though this is considered to be of

minpr importance when cpmpared with the potential pertur- oy=g- X" ~z2-2-TO-35
bathns induced by the buildings. . o, =c- X (10.7,)053¢ A3)
With each of the models, the approach is based on the, _ y—022
general superposition principle (e.g., Thomson, 1987; Rau-
pach, 1989), which relates the concentration at a locatiorwhereQ is the source strength (in g§NH3), z, the height
(x.y.2), x(x, y,2), to the source strength at another location of the source (animal house) (in m), ando, are the stan-
(x5, s, z5)y Starm(xs, Vs, Z5), With the use of a dispersion dard deviation of the lateral and vertical concentration dis-
function D(X, y, z / %, ys, zs) (in sm3): tribution respectively (in m)z, is the roughness length (in
m), T is the averaging time, and the parametgrs, ¢ andd
X (x,¥,2) = Xbgd+ / Starm(Xs, s, 25) D (x, ¥, 21x5, ¥5,25)dx;  are dependent on the stability classes as detailed in Pasquill
(1974). The model used is a multiple plume model based on
Q) the superposition of several Gaussian plumes each described
by Egs. (2—-3). The concentration at each receptor is the sum
where xngd is the background concentration, assumed to beof the contribution of all the sources according to Eq. (1).
constant with height. The three models are different in theThe downwind &) and crosswindX) distances are calcu-
way they calculate the dispersion functitrx, y, z| X, ys, lated for each source-receptor couple as follows:
zs) and the different approaches are detailed in the following. .
In the following the dispersion function will be writteR(x, X — — X ~*$)-SiN(wd) —(y = ys)-coSwd)
y, z) for simplicity. Y = —(x —xs)-coSwd) — (y — ys) - Sin(wd) (4)

all Xg andys

Biogeosciences, 6, 2842860 2009 www.biogeosciences.net/6/2847/2009/
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3.3 The Huang-3D plage source model Norto Sou (12200
10.0 —-—-- Model 12:00
- go i —&— AM1-3 12:00
In this model based on Huang (197B)x, z/xs, zy) is eval- T 80 + oS0
uated from a solution of the advection-diffusion equation ob- & 7.1 A AMI31400
. . . 1%
tained assuming power law functions fGxz) andK,(z): 5 607
8 501
5 a0y S
U(z) =az?f £ 00/ ;
Kz(z) =b7" > 201
—_0 _ﬁ> (zhs)TM/2 < 10- .
D(X,Y,z)= ;s exp( 2012 ) X baXz (5) 00 ‘ ‘ ‘ ‘ ‘
oy ps? 2a(zhs af o o o o o o
x exp(z— AT ) 1, (2 ) g & 8 & 3 8
1 c _Tm <--- South Space (m) North ---->
oy= 7 yx

Fig. 2. Two fast-sensor measurements of the ;Nplume cross-
Wherea=2+p+n, v=(1-n)/a, andl_, ist the modified Bessel section at Site 3 the 12 June 2000 at 12:00 and 14:00. The simul-
function of the first kind of orderv, and C, andm were taneous concentrations measurements obtained with the 3 station-
determined from Sutton (1932). The valuesiob, p andn &Y AMANDA systems (AM, 3) are shown at their correspond-
were inferred by linear regression betweeriii(In(X ;) and ing Iocz_mons in the plume. The flgur_e also shows thg pl_um_e mod-
In(z), over the height 2 20—20 m, usingl/ (z) andK(z) es- elled with the Gaussian-3D model using the source distribution and

. . TR strength as given in Table 1. The difference between the fast sensor
timated from the Monin-Obukhov similarity theory (see €.q. and the stationary AMANDA concentrations is mainly due to the

Kalmal_and Flnnlgan, _1994)' Since the model USEs Stabllltytime response of the AMANDA being 15 min while the fast sensor
corrections, its use is limited to values of the Monin Obukhov p55 4 30 time response. For the N-S axis, 0m corresponds to the

length () and the friction velocity:. such thatL|>5mand  intersection with the main E-W track N of Kleinkamp (Fig. 1).
u,>0.2ms™t. In this model, the source is assumed to be
a plage source of size 180m inand 300 m iny located

at 230 m upwind from Site 3 (where concentration is mea-culated for each 15 min measurement inteevat the indi-
sured). vidual receptor locations (AM3) using:

R AM ;) —
3.4 The FIDES-2D model Starm(t.AM ) = Qinput X Xmeasure§AM ;) — Xbgd
XmodeI(AMi)
The FIDES-2D model was used to evaluate the influence of . L .
deposition and emission of NHrom downwind fields onthe  WNere Cinput is the initial source strength used to estimate

estimation of the source strength. FIDES-2D is based on the&modek AM’:h(AM 1, AM2 orAMg)dare th(;a r%cgptc_)r locations
two-dimensional dispersion model of Huang (1979), which &t Site 3. The time-average and standard deviatiofih

is hence an integration of Eq. (5) over The dispersion was then estimated at each receptor locations; AMThe

model is coupled with a surface resistance model as detaile§M!SSION from the farm .S'te were evaluated using all mea-
in Loubet et al. (2001). The equivalent 2-D source was con-SUrements with awind direction between 2@hd 340.
sidered 180 m long im and infinite iny. The source strength

per unit area inferred with FIDES-2D has been multiplied by

the equivalent surface of the source: 180300 m.

(6)

3.6 Time course of the farm emissions

To evaluate the time course of the farm emissions, the av-
erage concentration at Site 3 (over the three senget&)s
(Site 3) was used. The Huang-3D, FIDES-2D and the
Gaussian-3D model were all used in the same manner to eval-

. . ate the source stren simply as:
The Gaussian-3D model was used to infer the source strengtH G8frm SIMplY

of the farm buildings, using the ammonia concentration mea- (XmeadSite 3 — Xbgd)
sured at the three fixed points at Site 3 (AM. The  Starm(t) =
Gaussian-3D model was run in forward mode to estimate

the contribution of the eleven sources in Table 1 to the threeNVhereXsjie3andYsjezare the coordinates of Site 3, abds
receptor concentration levels. The sum of the eleven timehe dispersion function. In the Huang-3D and in the FIDES-
series is compared with the measured data. The eleveBD model the source was a plage-source considered homo-
emission levels were modified using the EXCEL (Microsoft) geneous, whereas in the Gaussian-3D model the source dis-
solver function optimizing the correlation coefficient be- tribution was set to that in Table 1. The wind sector consid-
tween the measured and modelled concentration time seriegred was 249-300°, which corresponds to a sector-680°

The emission strength of the whole farm agam was cal-  around the average wind direction as discussed in Sect. 3.3.

3.5 Spatial distribution of the farm emissions with the
Gaussian 3-D model

@)

D(Xsite3, Ysite3,z=1m)

www.biogeosciences.net/6/2847/2009/ Biogeosciences, 6, 28602009
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Table 2. Emission estimates using 4 plume transects measured Witf?bta'n insight in the source-receptor relation for each mea-

the fast response sensor (12 June 2000). Uncertainty of the mean &rément location. Sources A, B, D and F give the highest
given as standard error. contribution to the modelled signal at the three receptor lo-

cations. The time series of the estimatggn (Eq. 5) were
used to estimate the average, standard deviation and median

Max dispersion  Min dispersion Average

kg NH3 d~1 kgNH3d™1  kgNHzd1 (Table 3). The average emission level obtained in this way
was 9.8:0.8 kg NHs d~1, which is close to the expected level
Plume 1 8.4 6.1 7.3 of 9.6 kg NHs d~1. The uncertainty range of 0.8 kg N1
Plume 2 11.4 9.3 10.4

was obtained from the standard errors in Table 3. The stan-

g:ﬂmgj 1(1)% 19634 13'2 dard deviation of the source estimate is about 100% this is a
Inventory 9.6-0.78 combmatlon_of_uncertamty in the method gnd of the actual
temporal variation of the source strength (discussed below).
In a second step, the correlation between the measured
and modelled concentration pattern at Site 3 was optimised
by modifying the source distribution. The results are shown
4 Results

in Table 4. The source distribution estimated by this means
shows a decreased contribution from sources A, E and F, and
an increase in the emission from B and C. The correlation
between measured and modelled concentration patterns in-
creased taR=0.5 and 0.49 for stations AM1 and AM2. No
Figure 2 shows two Nkiconcentration transects across the gjgnificant effect is observed for AM3. The revised total

plume coming from the farm, obtained with the fast responseggrce strength estimate obtained from the time-series at this
sensor at Site 3. The transects were obtained at midday frong,rce distribution is 9.2 kg Ngtd—L. Accounting for sim-

12:00t0 14:00 on 12 June. The absolute concentration differae uncertainty in estimates by system AM1+3:8) gives a
slightly between the two periods, which could be explainedgiandard error of 1.6 kg N&t—L, which gives a conservative
on the basis of differences in wind-speed. estimate of the uncertainty. Conversely, given the large sam-
Four plumes obtained with the mobile measurements sysple sizes £=286 to 441), standard errors for the individual
tem were used to evaluate the emission of the farm site. A seh\MANDA systems are in the range 0.2—0.6 kg B,
of two mOde| runs was performed USing the source diStribU' Figure 3 ShOWS an i”ustration of the measured and mod_
tion in Table 1. The potential for large and small initial mix- e|led concentrations using the Gaussian-3D model for AM1-
ing close to the farm area was evaluated by setting an initiak at Site 3 over a two-day period using the adjusted source
horizontal dispersion at the farm source of either 50 or 10 m gjstribution. The correlation coefficient in Table 4 shows that
Initial diSperSion in the vertical direction was set to 5m. 10-25% Of the temporal Variation can be explained. The d|f_
The two model runs provide concentration patterns along thgerences are expected due to the assumption of a constant
transect that were compared with the measured concentraspyrce-strength with time. This shows that the combination

tion levels. The source estimates for the four plumes and tWoyf time variation in meteorological conditions and the spatial
model runs are shown in Table 2. The emission needed in th@ariapility of the source can explain part of the variability in

model to make the output fit with the measurements is abouthe concentration, but not all.

10% higher for the plumes 2—4 compared with the inventory  Tapje 5 gives the estimated source strength using the

source strength. Including plume 1, the emission estimatgsayssian-3D model, as well as the source strength estimated

equals the inventory estimate at 9.6 kg f\d ™. using the emission factors ofibler et al. (2002). The modi-
The mobile plume measurements show the shape of thgication in the source distribution, which was done in order to

plume providing information on the lateral dispersion. The increase the correlation between measurements and model,

model runs for these plumes showed that the lateral dispersuggests that the sources in the south have a low emission,

sion in the model corresponds with the measurement datghereas the sources in the north are a factor 3-5 higher. For

at a roughness length=0.2m. The mobile measurements huilding A, E, G the Gaussian-3D model significantly un-

only covered a small time-period and were hard to do duringderestimates the relative source strength, whereas it overesti-

the night. Therefore, the spatial distribution of the sourcesmates for buildings C,D, I, and K.

within the farm area was evaluated further using the three

AMANDA stations AM;—AM3 at Site 3. Using the source 4.2 Temporal variability of the farm emissions esti-

distribution of Table 1 (emission inventory), and tuning the mated with the Huang 3D model

overall source strengt$yam, the modelled and measured con-

centration patterns for the three AMANDA locations showed Figure 4 shows an example result of inferred source strength

low correlation coefficients 0oR=0.36, 0.30 and 0.20, re- (kg NHz day 1) using the Huang-3D model for the windsec-

spectively (Table 3). The model calculations were used tator 240—-300. Corresponding hourly source strengths range

4.1 Spatial variability of the farm emissions inferred
with the fast response NH sensor

Biogeosciences, 6, 2842860 2009 www.biogeosciences.net/6/2847/2009/
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Table 3. Source-receptor relation and source estimate obtained with the Gaussian-3D model using the spatial source distribution as obtainec

using the inventory data.

Contribution in % 0 kg NHz d1
A B C D E F G&H | J K Mean Stdev N St erdr Corr(R)
AM1 26 30 3 9 4 13 3 6 2 2 7 4 456 0.19 0.36
AM2 22 26 4 11 6 15 4 7 3 3 10 10 568 0.42 0.30
AM3 18 23 4 10 6 19 5 8 3 4 12 14 459 0.65 0.20
Mean for 3 stations 9.8

@ standard error =st. deviation/sqrt(n)

Table 4. Source-receptor relation and source estimate obtained with the Gaussian-3D model after modification of the spatial distributions of

sources with in the farm area.

Contribution in % 0 kg NHz d~1
A B C D E F G&H | J K Mean St.Dev n Sterdr Corr(R)
AM1 O 36 17 25 0 O 0 15 1 6 6 4 286 0.24 0.50
AM2 0 29 22 24 0 O 0 18 1 6 10 8 441 0.38 0.49
AM3 0 23 21 19 0 O 0 26 1 11 11 11 396 0.55 0.24
Average for 3 stations 9.2

&standard error =st. deviation/sqrt(n)

from 0 to 0.5kg ! NHs. Figure 4 shows a clear diurnal 5 Discussion
variation with a maximum emission at midday and a mini-
mum during the night. This daily variability is not always 5.1 Emissions from the farm buildings estimated with
due to concentration changes, as shown in Fig. 4 (bottom  different techniques and sensitivity analysis
graph) where concentration differenge-xngd is constant . o . ) _
and the source strength varies. The variability is also due tol '€ @veraged daily emission estimated W'lth the Gaussian-
the turbulent diffusivity increasing during the day, therefore S0 model was found to be 9#D.7kgd ™ NHs, and
requiring a larger source to generate a similar concentratiorp-4£0-18 kg ™ NHs(& standard errors) with the Huang-3D
at a given distance. Averaging the inferred hourly emission™del, while it was estimated as 9.6kgldNH§ with the
rates over all the available data (for westerly winds), and con£mission factors approach. The inferred emission strength
verting to daily emission rates lead to an average emission of'ith the Gausman-S? and the Huang-3Dlm0deI would rep-
6.4kg d1 NHs, with a standard error of 0.18 kg’é{ NHs resent 3.3t Nl_jyear and _2.3_t NH year -, respecnvely.
(N=495). Although, thg mventpry emission factors QO not _|nclude for—_
The inferred emission strength was averaged to hourly valMa! uncertainty estimates, the comparison with the esti-
ues in order to estimate a mean daily pattern (Fig. 5). Thenates of Delmm?rs et al. (2001) for dairy cattle of 81'9 kg
daily pattern was observed throughout the period, with a minNH3 animal*yr~* compared with 10.35 kg animallyr-
imum between 01:00 and 02:00 GMT in the morning and of Dohler et al. (2002) suggests that the difference between
a maximum between 07:00 and 09:00 GMT in the morn-the Gaussian-3D estimates and the inventory (5%) is within
ing, then decreasing towards the end of the day. This pat;he range of uncertainties. Conversgly, the Huang-3D m(_)del
tern is partly reflected by the concentration difference be-W&s 37% and 33% lower than the inventory and Gaussian-

tween Site 3 and the background concentration, also showiP Model estimates, respectively. The difference may result

in Fig. 5. Note that there are not many data at night, due to from the fact that the Gaussian-3D model uses a constant

or |L| being below the model requirement under stable con-Vind speed and diffusivity profile, and a source height of 4m

ditions, so that the results obtained for night-time conditions"VNil€ in the Huang-3D model, the wind speed increases with

are based on less data than for the day. height and the source is at 1 m height. It may also be due
to the difference in the source treatment: the Gaussian-3D
model considers point sources.
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Fig. 3. Example of measured and modelled concentration with the Gaussian-3D model by AM1-3 at Site 3. The source-strengths of the farm
buildings were estimated by minimizing the difference between the measured and the modelled concentrations at all locations.

In order to better understand the uncertainty in the differ- The difference in source height, already mentioned above,
ent emission estimates a sensitivity analyses was done. Thean have a 20% effect for the Huang-3D model with a lower
result of this exercise is summarized in Table 6 with the ma-emission estimates when the source height increases. This
jor parameters that might affect the estimation of the emis-will bring the Huang-3D model and the Gaussian-3D model
sion strength using the two models 3-D dispersion modelsgcloser together. The source height range in Table 6 only
as well as the effect of taking into account dry depositionshows a small (2%) effect on the Gaussian-3D model esti-
downwind of the source using FIDES-2D. mate. Only when changing the source height further for ex-

It can be seen that the Huang-3D and the FIDES-2D mod-ample from 4 to 10 m this model would decrease the emis-
els are sensitive to the height of the source and the roughnesson estimate by 8%. For the Gaussian-3D model changing
length with a maximum error around 20%. The Gaussian-3Dthe stability classification at a 15 min interval from Pasquill
model calculation showed a similar result for thechange  class D neutral to C or E would increase or decrease the emis-
from 0.1-1. The Gaussian-3D model uses differgntalues  sion estimate by 40% respectively. Furthermore, changing
per source with larger values for stables at the back of thethe initial dispersion in the wake of the buildings from 5m to
fram. A change of 50% of all these values had a 10% effectLlO m reduced the emission by 20%.

on the average emission level. ) - )
The Huang-3D model is very sensitive to the length (in x-

direction) of the source (26% decrease for a 50 m source and

Biogeosciences, 6, 2842860 2009 www.biogeosciences.net/6/2847/2009/
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Fig. 4. Top graph: time course of the NH¢mission strength as inferred with the Huang-3D model using the averaged concentration measured
for the wind direction 249-30C at Site 3 and the background concentration measured at Site 6. Also shown is the concentration difference
Site 3—Site 6. Bottom graph: magnification for the period 6—8 June.

Table 5. Ammonia source-strength estimated with the Gaussian-3D model, as compared to that estimated from the emission factors of
Dohler et al. (2002). The total amount of ammonia emitted per year estimated using the Gaussian-3D mod&DRkg.gear? NH3 as
compared to the inventory estimate of 8 50° kg year 1 NH3. These values correspond to averaged daily emissions of 9:2%yil3 and

9.6 kg d-1 NH3, respectively.

Estimated from emission factors ¢bler et al., 2002) Estimated with the AMANDA measurements
(Site 3) and Gaussian model (this study)

Building Animals Number of animals  Emission per building Percentage contribution Emission per building  Percentage contribution

(Fig. 1) kg NH; year? % kg NHz year1 %
A Cattle 60 621 18% 0 0%
B Cattle 60 621 18% 729 22%
C Cattle 11 114 3% 559 17%
D Cattle 48 497 14% 598 18%
E Bulls 64 249 % 0 0%
F Cattle 80 828 24% 4 0%
G Calves 60 233 7% 0 0%
H Calves 0 0 0% 0 0%
| Pigs 80 158 5% 926 28%
J Pigs 45 89 3% 43 1%
K Pigs 45 89 3% 483 14%

Total 3.5¢10° 100% 3.%10° 100%
151% increase for a 400 m source). The measuregl ¢di- Neglecting the deposition issue for the Gauss model, the

centration at 230 m downwind from the farm will be lowered different sensitivity runs provide a set of emission estimates
by the dry deposition taking place between the farm build-that have a standard deviation of 25% around the emission
ings and Site 3. This was studied with the FIDES-2D modellevel of 9.2kg NH d~1. This uncertainty range is proba-
and the effect was in the order of 40%. When correcting bothbly more accurate compared to the calculated standard errors
the Gauss model and the Huang 3-D model, the latter will bebases on the large number of observations. The freedom of
close to the emission inventory result and the Gauss modethoice in the input parameters for the model would be re-
estimate will be above that level. duced significantly with data available on the vertical dis-
tribution of NHz downwind of the source. Additional data

www.biogeosciences.net/6/2847/2009/ Biogeosciences, 6, 28602009
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Table 6. Daily emission of the source estimated using the emission factor and the modelling approach, and sensitivity of each estimate to

A. Hensen et al.: Farm NHemission estimated with plume measurements

micrometeorological parameters. Standard parameters usedayerel.0 m,zo=0.10 m, source width =180 m, and no dry deposition. In
the sensitivity analysidis-- have been set to 0 and 5 m heighy,has been set to 0.01 m and 1.0 m, the source width has been set to 50 and
400 m, and in the deposition sensitivity analysis, the stomatal compensatiornypdias been set to 0 anduym~3 NHs3. The cuticular

Ry, and stomatal resistand®, were estimated ag,,=7 exg100-RH/12) "and r =30x {1+200/max(0.01, S}) where RH is the relative

humidity atzE) and St is the global solar radiation.

Methodology Daily emission  Sens. to Sens. to Source width Depositionys Stability class
(& std. err.) hyre 20 (50—400 m) (0—2,.9 m~3 NH3) C-E
(0-5m) (0.01-1.0m)
kgd™1 NH3 (% Kgd—1NH3 kgd=1 NH3 kgd~1 NH3 kgd~1 NH3 kgd~1 NH3
change) (% change) (% change) (% change) (% change) (% change)
Emission factors 9.6 - - - -
Inverse Huang-3D  6#0.18 6.0-7.5 5.9-7.7 16.8-4.2
—3% +23% —6% +23% +151%—26%
Inverse 9.242.7 9-9.3 6-10.9 5.8-10.3
Gaussian-3D 1% —2% —35% 18% —36% 11%
Inverse FIDES-2D  520.16 5.8-7.2 5.6-7.4 49-76 8.7-8.5
—4% +20% —6% +23% —19% +27% 45% 41%
@standard error estimated with 632 data.
1000 10 ticularly R,, and x,) than on the source geometry. Indeed,
|| -®-srce strength mean ] the fields in between the source and Site 3 were patches of
800 [ | —aC-Chgd ls small crop trials of varyingRy, R,, and x,, which makes it
s g difficult to define a unique surface characteristic. Moreover,
g',’”; 600 | 16 g~ R,, is a very uncertain parameter that has a major influence
62 z IEm on local deposition (Flechard et al., 1999; Loubet and Cellier,
§ z w0 | 1, % z 2002; Burkhardt et al., 2009). This constitutes a major uncer-
E 2 § 2 tainty in the dispersion model approach, which is difficult to
5 overcome. One way would be to perform the measurements
200 ¢ 12 closer to the source and at higher levels (such as Welch et al.,
[ ] 2005b). However close to the farm, the influence of the farm
0 1 0 buildings on the flow would prohibit the use of Gaussian-like
0:00 4:00 8:00 12:00 16:00 20:00 0:00

GMT

Fig. 5. Diurnal variability of the farm NH source strength as esti-
mated with the Huang-3D model for a wind sector of 24800°.

models, and would require more sophisticated approaches.
This study also suggests that the used of a 3-D model relies
on a precise description of the size of the source.

Finally, apart from the model uncertainties there are ad-

The concentration difference between Site 3 and the background ditional possibilities that can cause a difference between the

Site 6 (C-Gygg) is also given. The dark circles represent the source

emission factor calculation and the model result:

strength during the whole period that has been hourly averaged to
give the mean source strength for each hour. The error bars are thel. The small sampling time due to the concentration mea-

standard errors.

along a vertical profile up to about 10 m height would have

provided better constraints on the parameters that set the ver-

tical dispersion in the model.

surements being done only on the east of the farm,
which may hence induce a bias if wind directions show

a daily pattern. This was indeed the case, for the west
sector at 15:00 there are 4 times more datapoints avail-
able compared with 05:00. However, this would have

lead to a bias toward higher emission estimates.

The analysis shows that deposition as well as the source

geometry can really influence the emission strength inferred 2.

with inverse modeling techniques. However of these two
effects, deposition is probably the more problematic in the

case of emissions from farm building, since there is a much

larger uncertainty on the deposition paramet&;sdnd par-

Biogeosciences, 6, 2842860 2009

The experimental farm seemed especially well man-
aged with surfaces regularly cleaned of manure, so that
the emission factors estimated from national inventories
might indeed be an overestimate for the actual emission
level at this site.
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In literature the underestimation of emissions by the disper- I I PN

sion models has been obseryed bgf(_)re. For examplg, Welch 000 400 800 1200 1600 20000  0:00

et al. (2005b) found a collection efficiency of 80% using the GMT

ADMS model in a controlled Nkirelease experiment. How-

ever, Flesch et al. (2004) found a much better collection effi-Fig. 7. Hourly averaged emission strength for a wind sector of

ciency with a methane tracer using a backward Lagrangiar?40°-30C, (a) free and forced convection velocities calculated as

Stochastic model under flat terrain conditions. Flesch etl/Rp, and(b) resultant total convection velocity (sum of free and

al. (2004) also showed that the modelling approach was noforced convection velocities). The error-bars argtandard errors.

reliable under strongly stratified conditions. Michorius et A linear regression between the convection velocity and the emis-
- . sion strength gives aR2=0.97.

al. (1997) evaluated that the underestimation ofs;Ndthis-

sion by a farm building using a Gaussian-3D approach and

concentrations measured at 100 m varied from 47% to 68%

of the expected emission. might for example be due to a flushing out of BlBlccumu-
lated during the night.
5.2 Daily variability of the emissions from a naturally Figure 6 shows the hourly-mean emission strength as a
ventilated building function of the indoor temperature of the main cattle building

(A in Fig. 1). This suggests that the inferred daily variability
Figures 4 and 5 show that the emission strength followed &f the emission strength is real, since Nemission is ex-
clear diurnal pattern, with a maximum in mid-morning and Pected to vary as the exponential function of the temperature
a minimum at night. Although some of this variability is re- according to the Clausius-Clapeyron law (e.g., with a dou-
flected in the concentration change (Fig. 5), this is not alwaysling of emission for every&C increase, Sutton et al., 2001).
the case, because of the daily pattern of the turbulent diffusiv-This dependence of Ngdemissions to indoor temperature
ity. The question arises whether this variability in emission was experimentally demonstrated by Zhang et al. (2005) over
is real or is a bias linked with the inference method. Indeed,a range of temperature 523 However Zhang et al. found
the emission from farm houses with forced ventilating sys-a maximum increase by a factor of 3 over the range of tem-
tems can be rather constant with time, due to a rather conperature observed here (14-£3, whereas Fig. 6 shows an
stant indoor temperature regulated by the ventilation systemincrease of up to a factor of 7. On the basis of the solubil-
However, at the FAL farm studied here, most of the buildingsity equilibria, a factor 4 increase would have been expected.
are naturally ventilated, which implies that the indoor tem- This suggests that the response of Fig. 6 may include ef-
peratures fluctuate and that the flow rate through the buildfects of temperature as well as correlated effects linked with
ings also changes with environmental conditions (Welch etchanges in the ventilation rate.
al., 2005b; Zhang et al., 2005). This seems to be confirmed To better understand the factors that cause the observed
by Fig. 5, where one can see a morning maximum, whichdaily emission pattern, a free and a forced convection

www.biogeosciences.net/6/2847/2009/ Biogeosciences, 6, 286@-2009
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velocity were calculated by adapting Monteith and Unsworthmeasurements of the vertical distribution of ptthat could
(1990) and Murphy et al. (1977) approaches, respectivelybe used to evaluate the vertical dispersion of the; [gldme
These velocities were computed as the inverse of the transfexvere not available but are recommended for similar experi-
resistancer,, usingu, as a velocity scale, the difference be- ments in future.
tween indoor and outdoor temperatures, and a characteristic A sensitivity analysis showed that the inference method
size of the building of 10 m was taken. Although the expres-was very sensitive to the deposition scheme used, and when a
sions from Murphy et al. (1977) are not adapted to free andmaximum deposition was applied, the farm emission strength
forced convection in buildings, they can give a good quali-could be increased by 45%. The height and size of the
tative information on the daily variability of the ventilation source, the surface roughness, the Pasquill stability classes
rate. They are shown in Fig. 7, calculated from hourly aver-were found to influence the emission strength estimates both
ages, along with the source strength, and the resultant corwith the Huang-3D and the Gauss model by up to 50%. The
vective velocity (the sum of the two). The daily pattern of source-strength exhibited a clear diurnal cycle with a maxi-
free convection (Fig. 7a) shows two maxima, one betweermum in the morning (07:00-08:00 GMT) and a minimum at
4h and 8h, and the other around 22 h. This pattern is due to aight. This variability can be fully explained by changes in
time de-correlation between the indoor and the outdoor temthe indoor temperature and the ventilation rate.
peratures, which might be explained by the building being In the context of remaining uncertainty in the inventory es-
heated more rapidly than the air in the morning (because ofimates and lack of independent measurement of Hiris-
the solar radiation onto the roof and small ventilation), and asions from the buildings, the present work does not fully val-
longer decrease at night due to the naturally forced ventilaidate the approach used. However, the application of disper-
tion being small at that time. On the opposite, the modelledsion models combined with NfHconcentrations measured
forced convection velocity follows directly the daily pattern at large distances downwind, provides an approach in close
of u,. agreement with the inventory, while this study demonstrates
It can be seen that the resultant convective velocity fol-the need to consider other interacting factors, such as dry de-
lows the source strength pattern very well (Fig. 7a). A linearposition between the source and the measurement location.
regression between the convective velocity and the emission
strength gives ak2=0.67. This suggests that the emission AcknowledgementsThe work presented here was partly funded
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