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Received: 7 October 2008 – Published in Biogeosciences Discuss.: 6 January 2009
Revised: 22 June 2009 – Accepted: 22 June 2009 – Published: 28 July 2009

Abstract. Deposition of atmospheric ammonia (NH3) to
semi-natural ecosystems leads to serious adverse effects,
such as acidification and eutrophication. A step in quantify-
ing such effects is the measurement of NH3 fluxes over semi-
natural and agricultural land. However, measurement of NH3
fluxes over vegetation in the vicinity of strong NH3 sources is
challenging, since NH3 emissions are highly heterogeneous.
Indeed, under such conditions, local advection errors may al-
ter the measured fluxes. In this study, local advection errors
(1Fz,adv) were estimated over a 14 ha grassland field, which
was successively cut and fertilised, as part of the GRAM-
INAE integrated Braunschweig experiment. The magnitude
of 1Fz,adv was determined up to 810 m downwind from farm
buildings emitting between 6.2 and 9.9 kg NH3 day−1. The
GRAMINAE experiment provided a unique opportunity to
compare two methods of estimating1Fz,adv: one inference
method based on measurements of horizontal concentration
gradients, and one based on inverse dispersion modelling
with a two-dimensional model.

Two sources of local advection were clearly identified: the
farm NH3 emissions leading to positive1Fz,adv (“bias to-
wards emissions”) and field NH3 emissions, which led to
a negative1Fz,adv (“bias towards deposition”). The lo-
cal advection flux from the farm was in the range 0 to
27 ng NH3 m−2 s−1 at 610 m from the farm, whereas1Fz,adv
due to field emission was proportional to the local flux, and
ranged between−209 and 13 ng NH3 m−2 s−1. The local ad-
vection flux1Fz,adv was either positive or negative depend-
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ing on the magnitude of these two contributions. The mod-
elled and inferred advection errors agreed well. The inferred
advection errors, relative to the vertical flux at 1 m height,
were 52% on average, before the field was cut, and less than
2.1% when the field was fertilised. The variability of the ad-
vection errors in response to changes in micrometeorological
conditions is also studied. The limits of the 2-D modelling
approach are discussed.

1 Introduction

Ammonia has long been used by humans for manufacture
and fertilization (Sutton et al., 2008). Deposition of atmo-
spheric ammonia (NH3) may lead to severe adverse effects
on sensitive ecosystems, such as acidification and eutrophi-
cation (Fangmeier et al., 1994; Krupa, 2003), as well as to
agricultural land that is typically exposed to larger NH3 con-
centrations (van der Eerden et al., 1998). Ammonia emis-
sions mainly originate from farm livestock and field spread
manure, as well as fields following the application of min-
eral fertilisers (Bouwman et al., 1997; Sommer et al., 2003).
Estimating the net NH3 emissions from farms and their sur-
rounding fields, which might act as sources or sinks depend-
ing on season and management (e.g., Milford et al., 2001b),
is essential to quantify the net input of NH3 from agricul-
ture to the atmosphere on a regional scale. Hence, measuring
the NH3 flux with vegetation is necessary to (i) assess pollu-
tion impacts to sensitive ecosystems, as well as (ii) quantify
NH3 emissions and deposition to agricultural fields. There
are several ways of measuring NH3 fluxes between the at-
mosphere and the surface: the micrometeorological gradient
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Figure 1. Overview of the measurement site. The four concentration measurement locations 

used in this study are Site 1, Site 2 , Site 3, as well as Site 6 where the background 

concentration was measured. The NH3 source buildings are detailed in Sutton et al. (2009). 

Main Field is field I, and grass field II is the field where slurry was spread the 24/05/00.  

Fig. 1. Overview of the measurement site. The four concentration measurement locations used in this study are Site 1, Site 2 , Site 3, as well
as Site 6 where the background concentration was measured. The NH3 source buildings are detailed in Sutton et al. (2009). Main Field is
field I, and grass field II is the field where slurry was spread the 24 May 2000.

method (Erisman and Wyers, 1993; Fowler et al., 2001; Kruit
et al., 2007; Sutton et al., 1993, 2001), the Bowen ratio
method (Walker et al., 2006b), the Relaxed Eddy Accumula-
tion method (REA) (Hensen et al., 2008; Kaimal and Finni-
gan, 1994), as well as the eddy-covariance method using for
example tunable diode lasers (Famulari et al., 2004; White-
head et al., 2008). All these methods rely on the assump-
tion of non-divergence of the vertical flux (e.g., Foken et al.,
2006; Fowler and Duyzer, 1989; Lee et al., 2004). Such
divergence might exist in conditions of either (1) unsteadi-
ness (temporal variation) of the flow or the sources/sinks, (2)
chemical reactions consuming or releasing NH3 in the atmo-
sphere, or (3) heterogeneity in the spatial distribution of the
sources and sinks, either of momentum or NH3. Agricultural
landscapes exhibit many of the undesired criteria: large NH3
sources, such as animal housing, grazing cattle or fields after
manure or fertiliser application, are often in close juxtaposi-
tion to natural or agricultural ecosystems acting as NH3 re-
ceptors (Hertel et al., 2006; Sutton et al., 1998; Walker et al.,
2006a). The short lifetime of NH3 in the atmosphere leads
to rapid chemical reactions (Brost et al., 1988; Nemitz and
Sutton, 2004; Nemitz et al., 1996, 2000, 2004). As a conse-
quence, measurements of NH3 ground fluxes with microm-
eteorological methods may often be liable to errors due to
divergence of the vertical flux, linked with the heterogeneity
of the source and sinks, as well as chemical reactions (Ne-
mitz and Sutton, 2004), leading to local advection (Loubet et
al., 2001, 2006; Milford et al., 2001a).

In the present study, the local advection fluxes were es-
timated as part of the GRAMINAE Integrated Experiment
(Sutton et al., 2009) over an experimental field of approxi-
mately 600 m×300 m, located 230 m downwind of a set of
farm buildings (Fig. 1) over a period of one month, dur-
ing which the field was cut and fertilized. There were two
sources of local advection fluxes: the farm buildings and the
field itself (Fig. 1). This paper addresses the issue of ad-
vection using both inference from measurements and mod-
elling. The latter is based on the inversion of a simplified
two-dimensional dispersion-exchange model (Loubet et al.,
2001) to fit measured concentration profiles at a known dis-
tance from a delimited source, and this technique also pro-
vides an alternative means to quantify net surface exchange
fluxes in a similar manner as McInnes et al. (1985) and Wil-
son (1982).

2 Theoretical background

The conservation equation for NH3 in the atmospheric sur-
face layer is (Fowler and Duyzer, 1989):

∂Fz
∂z

= −
∂χa
∂t

−
∂Fx
∂x

−
∂Fy
∂y

+ Qchem

I II III IV
(1)

wherez is the height above the displacement heightd, t is
time, x is downwind distance,χa is the NH3 concentration,
Fx, Fy andFz are the horizontal, lateral and vertical com-
ponents of the NH3 flux, respectively, andQchem is the net
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chemical source density. The left-hand term,∂Fz/∂z, is the
vertical flux divergence, (I) is the storage term, (II) and (III)
are the horizontal and vertical flux divergences, respectively,
and (IV) is the chemical source/sink term.

For NH3, which is rapidly exchanged with the surface, the
storage term due to∂χa/∂t is usually negligible (e.g. Sut-
ton et al., 1993). In situations with sufficient concentrations,
the perturbation of the NH3-HNO3-NH4NO3 and NH3-HCl-
NH4Cl equilibriums due to fluxes at the surface can lead to
a chemical production/consumption termQchem (Nemitz et
al., 2009a). This effect may potentially lead to errors of the
order of 30% ofFz (Nemitz et al., 1996). There is little in-
formation on the lateral flux divergence∂Fy/∂y in the litera-
ture. Using the 3-D dispersion model of Huang (1979), de-
scribed in Hensen et al. (2009), we found that∂Fy/∂y was
smaller than 5% of the horizontal flux divergence∂Fx/∂x

during 28% of the time, and smaller than 20% of∂Fx/∂x

during 65% of the time for the situation encountered here.
Although ∂Fy/∂y can represent a fraction of∂Fx/∂x, since
during most of the time it was smaller than 20% of∂Fx/∂x,
∂Fy/∂y was neglected in this approach. Assuming further-
more that horizontal diffusion can be neglected compared
to horizontal advection, which is a reasonable assumption
above short vegetation (e.g., Leuning et al., 1985),Fx can
be expressed as:Fx(x,z)=u(z) χa(x,z), whereu is the mean
wind speed. The term (II) in Eq. (1) can then be integrated to
get an expression of the vertical flux difference due to local
advection1Fz,adv(x, z), at locationx and heightz (named
local advection flux in the following):

1Fz,adv(x, z) = Fz(x, z) − Fz(x, z0) = −

∫ z

z0

u(z)
∂χa(x, z)

∂x
∂z (2)

whereFz is the vertical flux,z0 is the roughness length, and
Fz(x, z0) is the flux at the surface, which is what is sought in
measurements. According to Eq. (2), a negative horizontal
gradient of concentration (concentration decreasing withx)
leads to a positive local advection flux, which corresponds to
a situation downwind from a source and above a sink. On
the contrary, a positive horizontal gradient of concentration
leads to negative local advection fluxes, which corresponds
to what would be observed above a source. Equation (2) also
shows that if1Fz,adv is positive,Fz is larger than the flux at
the surface, hence measurements at a given height are “bi-
ased toward emission”. On the contrary, a negative1Fz,adv
means a “bias toward deposition”. The following sections
detail how the vertical flux divergence is inferred from the
horizontal concentration gradient and by inverse modelling.

3 Materials and methods

3.1 Site description

The field site was a 12 ha experimental grassland located in
the grounds of the Forschungsanstalt Landwirtschaft (FAL),
Braunschweig, Germany (Fig. 1). Directly adjacent to the
field were an experimental farm of the FAL and a station of
the German Weather Service (Deutscher Wetterdienst). The
field site is described in detail in Sutton et al. (2009). The
experiment lasted from 22 May 2000 to 15 June 2000, over a
period when field I was cut (29 May 2000), and then fertilised
with 100 kg NH3 ha−1 of calcium ammonium nitrate (5 June
2000).

The main sources of NH3 in the area were the set of farm
buildings (Site 5 in Fig. 1), which were an emission source
throughout the experimental period; the main field, which
was a strong source after fertilisation, and a grass field (Grass
field II in Fig. 1), which was spread with liquid manure on
24 May 2000. Other fields which may have been small NH3
sources (Fields III and IV) were not taken into account in
this study. The distance from west to east is referred to as
x, whereas the distance from south to north is referred to as
y, while height above ground isz. The distance between the
downwind edge of the farm building area and the different
sites were estimated as 230 m for Site 3, 610 m for Site 1 and
810 m for Site 2. Site 6 was used for measuring the back-
ground concentration. The farm buildings themselves occu-
pied an area of approximately 180 m (E-W)×200–300 m (S-
N). The size of the equivalent two-dimensional source was
set to 180 m in the E-W direction. The estimated emission
strength ranged between 6.2±0.18 kg d−1 NH3 (FIDES-3D
model) and 9.2±0.7 kg d−1 NH3 (Gaussian model). These
estimates were 94% and 66% of what was obtained us-
ing emission factors from the German national inventory
(9.6 kg d−1 NH3) as shown in Hensen et al. (2009).

The local advection fluxes were estimated at Site 1 and
Site 2, where vertical NH3 fluxes and concentration were also
measured and described in Milford et al. (2009). Three pe-
riods were considered: (1) before the cut (29 May 2000),
when the main local source was the farm buildings and the
grassland was a small sink, (2) after the cut but before the
fertilisation (5 June 2000), when the main field and the farm
buildings were both contributing to local advection, and (3)
after fertilisation, when the field was the main contributor to
local advection.

3.2 Micrometeorological measurements

Micrometeorological measurements were performed at
Site 1 and Site 2. These included eddy covariance fluxes
measurements, which provided the wind direction (Wd ), the
friction velocity (u∗), the Monin-Obukhov length (L), and
the sensible and latent heat fluxes (H andLE respectively).
Also measured were the air temperature (Ta) and relative
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Figure 2. Background concentration (χbgd) as measured with a batch denuder at Site 6 (800 m 

E-NE of Site 1), at 42 m height, compared with a daily denuder at grass field II (400-600 m N 

of Site 3), and the concentration at site 1 (χ1). Since before the 1500 GMT 26/05 the 

background concentration was not available, and was reconstructed using the concentration at 

Site 2 (810 m downwind from the farm). 

Fig. 2. Background concentration (χbgd) as measured with a batch denuder at Site 6 (800 m E-NE of Site 1), at 42 m height, compared with
a daily denuder at grass field II (400–600 m N of Site 3), and the concentration at Site 1 (χ1). Since before the 15:00 GMT 26 May the
background concentration was not available, and was reconstructed using the concentration at Site 2 (810 m downwind from the farm).

humidity (RH), as well as the global and net radiation (St

and Rn respectively). All these data were measured with
replication, which allowed a consensus micrometeorological
database to be established for the whole experimental field.
Using the measured fluxes,Ta , u and RH were estimated
at a reference height of 1 m aboved. In the modelling ap-
proach,u∗ andL were filtered to consider only data where:
u∗>0.2 m s−1 and |L|>5 m. The roughness height (z0) and
the displacement height (d) were both estimated using a wind
speed profile and retrievingd by minimising the linear re-
gression betweenu(z) and ln(z−d). The roughness height
z0 was estimated using measuredu∗ and wind speed profile,
knowingd (Nemitz et al., 2009b).

3.3 Ammonia concentration and fluxes measurements

NH3 concentration was measured at four locations (Fig. 1).
Three AMANDA analysers (Wyers et al., 1993) situated at
Site 3 in a North-South line provided NH3 concentration on
a 30 min averaging period. At Site 1, NH3 concentration was
measured with two AMANDA gradient systems and a mini-
WEDD system giving quarterly-hourly vertical NH3 fluxes
and concentration at 1 m height. Four REA systems were
also present at Site 1, which provided the flux at a height
of 2.1 m above ground (Hensen et al., 2008). At Site 2 fluxes
and concentration were measured with a single AMANDA
gradient system (Milford et al., 2009). The background con-
centration (χbgd) was measured with an automatic batch de-
nuder system (Keuken et al., 1988), located at 42 m height
near the top of a tower (Site 6, located 950 m to the E-NE
of Site 1). In addition, daily concentrations were measured
in grassland Field II (Fig. 1) at 400–600 m to the N of the
main field, as part of a long-term denuder monitoring. Mea-
surements were initiated at Site 6 on 26 May 2000, therefore
before this date the background concentration was assumed
to be equivalent to that at Site 2. This implies that advec-
tion errors are assumed to be zero at Site 2 before this time.
Mean and standard deviation of the NH3 concentration was

estimated for Site 1 and Site 3 over the three measurement
systems. The concentration at each sitei is referred to as
χi in the following. As a quality control, unknown standard
aqueous NH+4 samples were distributed and measured by all
the NH3 analysers (Milford et al., 2009).

The background concentration (χbgd) was found to be
close to the daily denuder measurements performed 400–
600 m north of the field, except for the days immediately fol-
lowing the application of manure to grassland Field II (24
and 25 May 2000), and to a smaller extent during the follow-
ing 10 days (Figure 2). On 24 and 25 May 2000, the main
source influencing local advection errors was therefore as-
sumed to be the grassland Field II rather than the farm. The
difference betweenχbgd andχ1 is consistent with the differ-
ences in field management. Indeed, almost no difference be-
tweenχ1 andχbgd was observed before the cut (occurring the
29 May 2000), a small enhancement inχ1 was observed after
the cut, while a much larger enhancement occurred after the
fertilisation (5 June 2000), which lasted approximately six
days.

3.4 Inferred advection error 1Fz,adv from measured
horizontal concentration gradients

The inferred advection error was assessed with a simplified
equation derived from Eq. (2): Assuming logarithmic pro-
files foru(z) andχa(z) (neutral case), and assuming that the
surface concentration in the grassland field is constant (which
is equivalent to a compensation point hypothesis), integration
of Eq. (2) after some manipulations, leads to :

1Fz,adv(x, z) = −u(z)
∂χa(z)

∂x
z × corr(z, z0)

corr(z, z0) =

(
1 −

2
ln( z−d

z0
)
+

2
ln( z−d

z0
)2

)
u(z) =

u∗

k
ln( z−d

z0
)

χa(z) = χo +
χ∗

k
ln( z−d

z0
)

(3)

whereχo is χa(z0) andχ∗=∂χa /∂ ln(z). Takingz−d=1 m and
z0=0.04 m (which is the median value ofz0 in this study), the
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correction factor corr(z, z0)∼0.57. Equation (3) was used
in this study to estimate1Fz,adv(x, z) using measured wind
speed at 1 m height at Site 1 and horizontal concentration
gradient∂χa(x, z)/∂x estimated as the slope of the linear or
log-normal regression betweenχa andx at sites 1, 2 and 3.
Note that although Eq. (3) is derived for neutral conditions,
it was used for all conditions.

Two wind-sectors were retained: 245<WD<285, for
westerly winds, and 65<WD<105 for easterly winds. The
advection error at 1 m height was either positive when the
horizontal gradient was negative, due to an advective plume
coming from the farm, or positive (positive horizontal gradi-
ent) due to field emissions of NH3.

3.5 Inferred advection error 1Fz,adv using a dispersion
modelling approach

An alternative approach to estimate advection errors is based
on the use of a two dimensional (2-D) dispersion model to in-
fer the sources from measured concentration at several loca-
tions. This provides a means to constrain the advection flux
estimates, as well as a way to estimate the spatial evolution
of the advection fluxes with more details than measurement-
based estimates. The modelling approach is based on the
use of the general superposition principle (Raupach, 1989;
Thomson, 1987), which relates the concentration at a loca-
tion (x, z), χa(x, z), to the source strength at another loca-
tion (xs,zs), S(xs, zs), with the use of a dispersion function
D(x, z/xs, zs) (in s m−3):

χa(x, z) = χbgd +

∫
all xs

S(xs, zs)D(x, z/xs, zs)dxs (4)

whereχbgd is the background concentration, assumed to be
constant with height.D(x, z/xs,zs) was estimated using the
Green’s approach to solve the two-dimensional advection-
diffusion equation, based on the assumptions of power law
functions to describe the wind speedu(z) and the vertical dif-
fusivity Kz(z) profiles (Huang, 1979; Philip, 1959; Yeh and
Huang, 1975). A description of the dispersion model and a
discussion about its quality and defaults is given in Loubet et
al. (2001). The combination of Eqs. (2) and (4) gives the ad-
vection flux1Fz,adv(x, z) once the sourcesS(xs, zs) and the
dispersion matrix are known. Note that1Fz,adv(x, z) is inde-
pendent ofχbgd since it is a function of∂χa(x, z)/∂x. In this
study,S(xs, zs) was used as a fitting parameter to minimise
the difference between measured and modelled concentration
at several distances. Details of the determination ofS(xs,zs)
(its location and heterogeneity), as well as the fitting proce-
dure are provided in the following sections.

On the basis of Eqs. (2) and (4), the advection error
1Fz,adv at 1 m height at Site 1 was estimated as the super-
position of the advection error due to the farm and the advec-
tion error due to the experimental field itself. The FIDES-2D
model (Flux Interpretation byDispersion andExchange over
Short-range, in2 Dimensions) (Loubet et al., 2001) was used

to infer the emission strength from the source (Ssrc), usingχ3
andχbgd. For modelling purposes, the farm source was con-
sidered to be infinitely long iny and 180 m wide inx, and lo-
cated atx=230 m upwind of site 3 (III in Fig. 1). No NH3 sur-
face exchange was considered in the fields located between
the farm and the Field I, unless otherwise stated. As FIDES-
2D applies to homogeneous fields, a singlez0 and a single
d was considered for the whole distance downwind from the
source, which were either taken from the micrometeorolog-
ical dataset (Nemitz et al., 2009b) when modelling advec-
tion errors from the field, or fixed toz0=0.1 m andd=0.5 m
when modelling advections errors from the farm, since taller
canopies and heterogeneities were present between the farm
and the field.

Using the FIDES-2D model, the NH3 surface fluxSfield
was estimated in the experimental field (Kleinkamp in Fig. 1)
usingχ3 asχbgd to take account of the enhancement of con-
centration at the entry of the field due to farm emissions. Two
hypotheses were compared: (H1)Sfield was considered con-
stant over the whole field, and (H2) the canopy compensation
point concentrationχc (e.g., Sutton et al., 1995) was con-
sidered constant over the whole field, which implies a non-
homogeneousSfield. The second hypothesis H2 is based upon
the compensation point approach, which relatesSfield to χc
by the following relationship:Sfield=−(χsurf−χc)/Rb where
χsurf is the concentration atz0, andRb is the canopy excess
resistance, estimated using the expression of Garland (1977).
Under H1,Sfield was tuned in order for the modelled and
measured concentrationχ1 to fit, whereas under H2,χc was
tuned instead ofSfield. Since FIDES-2D is a 2-D model, the
equivalent field size upwind of Site 1 was assumed to be
equal to the fetch between the side of the field and Site 1
for a given wind direction.

4 Results

4.1 Concentration enhancement due to the farm and
the experimental field

The background concentration was generally smaller than
concentrations measured at the other sites apart from Site
2 (χ2) during some periods (Fig. 3). The latter situation is
explained by the fact that the experimental field is a local
sink, sinceχ2 is measured near the ground whereasχbgd is
measured at 42 m height. There was clearly a concentration
enhancement at Site 3 during westerly winds before fertili-
sation (see Fig. 3). The concentration enhancement was the
largest when Site 3 was downwind from the farm, which cor-
responded to wind directions 270-280±30 degrees.

After fertilisationχ1 was larger thanχbgd, which indicated
an NH3 emission from the experimental field. A clear differ-
ence can be seen between three typical measured horizon-
tal gradients inχa during westerly winds, corresponding to
the pre-cut, post-cut and post-fertilisation periods (Fig. 4).
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Fig. 3. Concentration rose (µg NH3 m−3), where NH3 concentration at Sites 1, 2 and 3 as well as the background concentration (Site 6) is
shown. The concentration rose has been calculated with quarterly hourly data, averaged over wind sectors of 10 degrees. All data have been
averaged over three common periods: before the cut on the left, after cut in the middle, and after fertilisation on the right.
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Figure 4. Example horizontal profile of NH3 concentration. Symbols are measurements at 

sites 1, 2, 3, as well as the background (shown at x = 0), and lines are the FIDES-2D outputs. 

Three example runs are shown: during the pre-cut (25/05/00 12:00, circles), the post-cut 

(02/06/00 05:45, squares) and the post-fertilisation periods (07/06/00 09:45, triangles). These 

examples correspond to similar micrometeorological conditions (u* and L). The farm is 

located from x = 0 to x = 180 m. 

Fig. 4. Example horizontal profile of NH3 concentration. Symbols are measurements at sites 1, 2, 3, as well as the background (shown
at x=0), and lines are the FIDES-2D outputs. Three example runs are shown: during the pre-cut (25 May 2000, 12:00, circles), the post-
cut (2 June 2000, 05:45, squares) and the post-fertilisation periods (7 June 2000, 09:45, triangles). These examples correspond to similar
micrometeorological conditions (u∗ andL). The farm is located fromx=0 tox=180 m.

During the pre-cut period the horizontal concentration gradi-
ent was negative whereas it was positive during the post-cut
and post-fertilisation periods. After fertilisation, there was
always a larger concentration at Site 1 than at Site 2 during
westerly winds, which might have been either due to an ef-
fect of the trees on the east of the experimental field (e.g.
change in wind direction, enhanced turbulence), or the non-
homogeneity of the field as an NH3 emission source.

The FIDES-2D model concentration coincided with the
measured concentration at Sites 3 and 1 since these concen-
trations were used to fit the model (Fig. 4). The three exam-
ples in Fig. 4 illustrate that two sources of advection errors
(the farm, and the field) combined to either a net positive
(25 May) or net negative (2 June and 7 June) advection er-
ror, corresponding to a negative or a positive horizontal con-
centration gradient, respectively (see Eqs. 2 and 3). These
results also demonstrate that the mean concentration values
used to estimate the inferred advection error1Fz,adv on the
base of a linear regression between measured concentration

and the distance may lead to overestimation of the horizontal
concentration gradient at Site 1 as compared to the modelled
one.

4.2 Local advection at site 1

The time course of the measured flux, the inferred advec-
tion error (Eq. 3), and the modelled farm and field advection
error at Site 1 demonstrated distinct behaviour during dif-
ferent management periods, shown by the selection of three
typical days (Fig. 5) During 27 May 2000 (pre-cut period),
the field was a small sink and the positive advection error
mainly originated from the farm source. On 7 June 2000
(post-fertilisation), the field was a strong NH3 source and
was therefore the main contributor to the advection error,
which was negative in this case. During 12 June 2000 (later
after fertilisation) a mix of local advection due to a small field
source and a farm source was observed, which lead to a small
but positive advection error.

Biogeosciences, 6, 1295–1310, 2009 www.biogeosciences.net/6/1295/2009/
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Figure 5. Advection error (∆Fz,adv ) at 1 m height for three typical days, before the cut 

(27/05/00), just after fertilisation (07/06/00) and a week after fertilization (12/06/00). “Fz” is 

the measured flux at Site 1, “Meas. Fadv” is the inferred local advection error, “Fadv” is the 

modelled local advection error at 1 m, including the contribution from the field and the farm, 

and “Fadv (1 m) from field” is the local advection error due to field only. Note the different y-

scales. The advection errors from the farm are only given for periods when the wind was in 

the sector 270 degree ± 15 degree  

Fig. 5. Advection error (1Fz,adv) at 1 m height for three typical days, before the cut (27 May 2000), just after fertilisation (7 June 2000)
and a week after fertilization (12 June 2000). “Fz” is the measured flux at Site 1, “Meas. Fadv” is the inferred local advection error, “Fadv”
is the modelled local advection error at 1 m, including the contribution from the field and the farm, and “Fadv (1 m) from field” is the local
advection error due to field only. Note the different y-scales. The advection errors from the farm are only given for periods when the wind
was in the sector 270 degree±15 degree.

These results demonstrate that the inferred advection er-
ror 1Fz,adv at 1 m height was systematically larger in mag-
nitude than the modelled one. The contribution of the farm
to 1Fz,adv at z=1 m at Site 1 was bounded between−1 and
17 ng NH3 m−2 s−1, and 0 and 27 ng NH3 m−2 s−1 for the in-
ferred and modelled advection error, respectively. The con-
tribution from the field itself to advection errors was much
more variable, since it was related to the field emissions,
which varied from about−50 ng NH3 m−2 s−1 before the
cut to more than 3000 ng NH3 m−2 s−1 after the fertiliza-
tion. Maximum advection errors atz=1 m due to the field
reached−44 and−32 ng NH3 m−2 s−1 on 7 June 2000, as es-
timated by inference and modelling, respectively. The mod-
elled1Fz,adv at z=2 m, also shown in Fig. 5 for comparison,

was much better correlated with the inferred advection error,
especially on 12 June 2000. Advection errors from the field,
estimated with hypothesis H1 (constant surface flux) were
significantly higher than those estimated with hypothesis H2
(constant surface concentration). H1 advection errors were
from 1.2 to up to 8 times larger than H2 advection errors.
The surface layer thermal stratification was the main driver
of the difference between the two estimates (Fig. 6).

Measured1Fz,advat Site 1 represented more than 100% of
the flux at 1 m height when the flux from the field was small,
typically before the cut. Following cutting, the advection er-
rors were smaller on average but on occasion could still rep-
resent up to 50% of the flux as on 30 May 2000, when the
emission from the farm was large (see Hensen et al., 2009b).
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Figure 6. Ratio of the modelled local advection error estimated with a constant surface source 

hypothesis (C=cst), and a constant surface concentration hypothesis (S=cst), as a function of 

the stability factor (z / L), where L is the Monin Obukhov length. 

Fig. 6. Ratio of the modelled local advection error estimated with
a constant surface source hypothesis (S=cst), and a constant sur-
face concentration hypothesis (C=cst), as a function of the stability
factor (z/L), where L is the Monin Obukhov length.
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Figure 7. Distribution of advection errors at Site 1 as estimated with the inference method.  Fig. 7. Distribution of advection errors at Site 1 as estimated with
the inference method.

Following fertilisation when the field emissions were large,
although the advection errors were large in magnitude, they
were typically less than 10% and averaged less than 2% of
the flux at 1 m. However, a week following fertilisation the
advection errors reached again up to 100% of the flux on 11
June 2000. A summary of the magnitude of advection errors
at Site 1 (averaged over model and inferred) is provided in
Fig. 7. The integrated distribution shows that for 55% of the
cases the advection error was smaller than 5%, for 18% of
the cases it was larger than 20% and for 9% of the cases it
was larger than 60%. The median, minimum and maximum
values of inferred and modelled advection errors as well as
the advection as a percentage of the flux (median) are pro-
vided in Table 1. These figures demonstrate that the pre-cut
period showed significant advection errors due to the flux at
Site 1 being very small. However when the flux at Site 1 in-
creased, the advection error represented on average around
1.4 to 2.1% of the flux.

5 Discussion

5.1 Comparison of modelled and inferred advection er-
rors

The Braunschweig experiment provided the opportunity to
validate the inverse modelling approach developed by Loubet
et al. (2001) to infer the advection errors, by comparing with
the direct estimates of advection errors from the measured
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Figure 8. Modelled versus inferred local advection error (∆Fz,adv ) at z = 1 m and Site 1, 

estimated assuming a linear (orange diamonds) and a logarithmic (green circles) horizontal 

concentration profile. A linear regression between modelled and inferred local advection 

errors gives y = 0.82 x -0.09 (R
2
 = 0.88) and y = 0.87 x +0.6 (R

2
 = 0.76), for linear and 

logarithmic horizontal profiles assumptions, respectively. 

Fig. 8. Modelled versus inferred local advection error (1Fz,adv )

atz=1 m and Site 1, estimated assuming a linear (orange diamonds)
and a logarithmic (green circles) horizontal concentration profile. A
linear regression between modelled and inferred local advection er-
rors givesy=0.82x-0.09 (R2=0.88) andy=0.87x +0.6 (R2=0.76),
for linear and logarithmic horizontal profiles assumptions, respec-
tively.

horizontal concentration gradient. The agreement was good
between the measured and modelled1Fz,adv at 1 m height,
as shown for selected days (Fig. 5) and for the whole pe-
riod (Fig. 8). The model underestimates the inferred1Fz,adv
by 17% and 13% on average assuming a linear and a loga-
rithmic horizontal profile, respectively. In other terms, the
logarithmic horizontal profile assumption leads roughly to a
20% reduction in the inferred advection error at Site 1, which
is expected as a logarithmic horizontal profile gives smaller
gradient than the linear horizontal profile for large distances
(larger than a few tens of meters).

The choice of the surface source also has an impact on the
modelled advection error. Indeed with a “constant surface
source” (S=cst) assumption the model systematically gives
larger values than with the “constant concentration source”
(Cs=cst) assumption (1.3 times larger under unstable condi-
tions to more than 6 times larger under stable conditions)
(Fig. 6). This is expected since a “constant concentration
source” leads to a rapid decrease of the source strength with
distance due to the enrichment of the surface concentration.
This effect is larger for stable conditions for which the tur-
bulent dilution is limited and the “constant concentration
sources” tends to “vanish”. A summary of the effect of the
hypotheses “Cs=cst” and “S=cst” on the advection error due
to emissions from the field is given in Table 2. These results

Biogeosciences, 6, 1295–1310, 2009 www.biogeosciences.net/6/1295/2009/
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Table 1. Local advection error during four periods: the pre-cut (22 May–29 May), post-cut (29 May–5 June), post-fertilisation (5 June–11
June) and 7 days after fertilisation (11 June–16 June).Fz (Site 1) is the measured vertical flux atz=1 m at Site 1,1Fz,adv{inferred} is the
inferred advection error using Eq. (3),1Fz,adv{farm} and1Fz,adv{field} are modelled advection errors atz=1 m due to the farm and the
experimental field respectively. Also given is the ratio of1Fz,adv to Fz at Site 1 as inferred, or modelled assuming only a field or a farm
contribution.

Period Fz (Site 1) 1Fz,adv{Inferred} Site 1 1Fz,adv{Inferred} Site 2 1Fz,adv{farm} Site 1 1Fz,adv{field} Site 1 |1Fz,adv {Site1}|/Fz (Site1)
ng NH3 m−2 s−1 ng NH3 m−2 s−1 ng NH3 m−2 s−1 ng NH3 m−2 s−1 ng NH3 m−2 s−1 %

inferred farm Field
Pre-cut −4 [−57; 51] 6.3 [−0.8; 17] 4.7 [−0.6; 13] 2.8 [0.2; 26.6] 0.0 [−10.4; 8.8] 52% 32% 6.8%
Post-cut 61 [−106; 641] 4.5 [−3.5; 23] 3.4 [−2.7; 17] 2.2 [−0.4; 8.5] −0.4 [−187; 21] 4% 3% 3.7%
Post-fert. 430 [1; 3638] −1.6 [−44; 16] −1.2 [−32; 12] 2.5 [−2.3; 8.8] −4.8 [−209; 13] 1.4% 0.7% 1.5%
7d later 91 [−6; 571] 3.2 [−3; 25] 2.4 [−2; 18] 3.4 [−1.7; 10.7] 0.1 [−24; 35] 2.1% 1.5% 1.6%

Table 2. Summary of local advection errors1Fz,adv due to farm or field emissions as estimated with FIDES-2D. The farm is an infinitely
wide farm emitting 100µg NH3 m−1 s−1 (2-D hypothesis).Distance is the downwind distance from the downwind edge of the farm, fetch
is the upwind fetch in the field, and “C cst” stands for constant concentration field emission hypothesis, while “S cst” stands for constant
surface flux emission hypothesis.

Advection from Farm Advection due to field emissions
u∗ z0 L distance 1Fz,adv 1Fz,adv fetch 1Fz,adv 1Fz,adv

C cst S cst
m s−1 mm m m ng NH3 m−2 s−1 % (source) m % (source) % (source)

0.10 100 inf 300 7.2 0.72% 100 −3.9% −6.9%
0.30 100 inf 300 7.2 0.72% 100 −4.1% −6.9%
0.60 100 inf 300 7.2 0.72% 100 −4.3% −6.9%
0.80 100 inf 300 7.2 0.720% 100 −4.4% −6.9%
0.30 10 inf 300 15.2 1.52% 100 −11.2% −16.3%
0.30 100 inf 300 7.2 0.72% 100 −4.1% −6.9%
0.30 1000 inf 300 1.7 0.17% 100 −0.9% −1.3%
0.30 100 −10 300 4.4 0.44% 100 −2.7% −4.3%
0.30 100 −1 300 4.4 0.44% 100 −1.1% −1.6%
0.30 100 1 300 9.5 0.95% 100 −28.4% −50.0%
0.30 100 10 300 9.5 0.95% 100 −6.6% −12.4%
0.30 100 inf 50 93.1 9.31% 30 −14.5% −20.1%
0.30 100 inf 100 39.1 3.91% 50 −8.6% −13.0%
0.30 100 inf 200 14.0 1.40% 100 −4.1% −6.9%
0.30 100 inf 300 7.2 0.72% 200 −2.0% −3.6%
0.30 100 inf 500 3.0 0.30% 400 −0.9% −1.8%
0.30 100 inf 1000 0.8 0.08% 1000 −0.4% −0.8%

show that the “S=cst” hypothesis gives advection errors from
1.4 to 2.1 times smaller than “Cs=cst” for a range of usual
conditions. It can be concluded that “constant concentration
sources” such as volatilisation processes are less subject to
local advection errors than “constant surface sources” such
as biogenic emission processes (N2O, NO, CH4, CO2 respi-
ration).

Using the standard error of measured NH3 concentrations
(14.8%) based on Milford et al. (2009), we evaluated the ef-
fect on the inferred advection error. The average error on
the inferred advection error was found to be 52%, and was
smaller (<21%) when the fluxes from the field were small
(before the fertilisation) and larger following fertilisation (up
to 80%). These uncertainties are quite large, reflecting the

fact that the standard error on the measured concentrations
were large (14.8%), and that there was only three points used
in the horizontal concentration profile.

5.2 2-D versus 3-D estimations of the advection error

We have used here a 2-D model (FIDES), because firstly in
a 2-D approach it is simpler to couple the atmospheric dis-
persion with a compensation point approach, and secondly
we had a horizontal gradient of concentration in one direc-
tion only, allowing inferring the advection errors in a 2-D
context only. However, it is necessary to evaluate the lim-
its of the 2-D approach for estimating the advection errors
in the context of this experiment. As already stated in the
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Fig. 9. Ratio of∂Fx/∂x evaluated with a 2-D model to that obtained
with a 3-D model at 610 m downwind from the farm source (Site 1
in Fig. 1) as a function of wind direction. Each dot corresponds to
a 30 min data point.

materials and methods section, there are two potential biases
when using a 2-D model: first to neglect∂Fy/∂y and sec-
ond to underestimate∂Fx/∂x with a 2-D model which does
not account for the extra dilution due to lateral dispersion. A
third bias may come from an underestimation of the inferred
farm source with a 2-D model, but Hensen et al. (2009b) have
already shown that in this study the 2-D model gave similar
estimates as a 3-D model because of the small number of
unstable situations.

Using the 3-D dispersion model of Huang (1979), which
is based on the same approach as FIDES-2D, we evaluated
both the magnitude of∂Fy/∂y and the values of∂Fx/∂x as
modelled with the 2-D and the 3-D model. We found that:

– far away from the source (farm emissions):∂Fy/∂y was
negligible against∂Fx/∂x (at Site 1 at 610 m downwind
from the source,∂Fy/∂y<0.03×∂Fx/∂x), while∂Fx/∂x

estimated with the 2-D model was underestimated as
soon as the wind direction was not aligned with the farm
(see Fig. 9).

– closer to the source (field emission or deposition):
∂Fy/∂y was larger and represented 12% (median) of
∂Fx/∂x in this experiment, while∂Fx/∂x estimated with
the 2-D model and the 3-D models were equal.

Hence we see that using a 2-D model for estimating the ad-
vection error of a non-infinitely wide source leads to poten-
tial underestimation of∂Fx/∂x which is small when the wind
direction is within 5◦ from the source but which severely
increase when the wind direction is larger. For field emis-
sion/deposition induced advection errors, the lateral flux di-
vergence∂Fy/∂y should be taken into account in future work.

5.3 Magnitude of advection errors

The median and range of the different advection errors at 1 m
height, in comparison with the measured vertical flux at the
same height demonstrated the varying behaviour of the ad-
vection error in relation to the flux during the different man-
agement periods (Table 1). The advection error due to farm
emissions was typically rather small at Site 1 (median 2.2–
3.4 ng NH3 m−2 s−1 from model estimates). However, before
the cut, the advection error due to the farm represented a sig-
nificant fraction of the flux (32% based on modelling, 52%
based on inference method). This proportion reduced to 3%
during the post-cut period and was less than 1.5% after fertil-
isation. Since1Fz,adv due to the farm is always positive, and
since it is associated with a negative concentration gradient
in the horizontal (Eq. 3), NH3 deposition fluxes are underes-
timated, and, conversely emissions are over-estimated by the
percentage given above.

The magnitude of the advection error from the farm di-
minished with distance: at Site 2 (810 m downwind of the
farm), the modelled advection errors due to the farm were on
average 60% smaller than at Site 1 (610 m from the farm).
The inferred advection error at Site 2 using the logarithmic
regression was simply equal to that at Site 1 times the ratio
x{Site 1}/x{Site 2}, which gave 610/820=0.74. Hence the in-
ferred advection error at Site 2 was 26% smaller than that at
Site 1, based on a logarithmic regression.

The advection error due to the field itself was a rather con-
stant fraction of about 1.5% of the surface fluxFz (Site 1). In
magnitude this can however represent quite a large flux (mea-
sured1Fz,adv up to−90 ng NH3 m−2 s−1, on 7 June 2000).

This study as well as Loubet et al. (2001) and Milford
et al. (2001a) show that advection errors can represent a
large fraction of the flux (here up to 52%) when measuring
small NH3 fluxes at distances typically smaller than 400 m
downwind of intensive sources such as farms and inten-
sively grazed fields. Advection errors due to the field on
which measurements are performed are usually not taken into
account, except through a fetch limitation threshold. For
species having heterogeneous sources and sinks like NH3
(Dragosits et al., 1998), N2O (Laville et al., 1999), but also
water vapour above watered crops under arid climate (Itier et
al., 1994), these advection errors may be large, especially if
the fetch is smaller than the one encountered here. The de-
crease of the modelled advection error due to both the farm
and the field as a function of the fetch for the same three typ-
ical runs as in Fig. 4 (pre-cut, post-cut, and post-fertilisation)
is shown in Fig. 10. It can be seen that the local advection
error at 1 m height represented the largest fraction ofFz at
a fetch of approximately 30 m, and thereafter decreased. At
x=100 m the advection error ranged between 3% and 15% of
the flux and atx=200 m it ranged from 1.5% to 8% of the
flux at 1 m. Further sensitivity analysis with FIDES-2D has
shown that the distance at which the advection error at 1 m
is maximum and the rate of decrease both depend upon the
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Figure 10. Ratio of local advection error to flux at z = 1 m, as a function of distance 

downwind of the edge of the field (fetch) for the same three runs as in Figure 4, covering the 

pre-cut (25/05/00 12:00), post-cut (02/06/00 05:45) and post-fertilisation periods (07/06/00 

09:45). Note that the ratio is always negative but the vertical flux was negative (deposition) 

the 25/05 12:00, whereas it was positive for the two other situations, while in the same time 

the local advection error was positive the 25/05 and negative for the two other situations.  

 

Fig. 10. Ratio of local advection error to flux atz=1 m, as a function of distance downwind of the edge of the field (fetch) for the same
three runs as in Fig. 4, covering the pre-cut (25 May 2000, 12:00), post-cut (2 June 2000, 05:45) and post-fertilisation periods (7 June 2000,
09:45). Note that the ratio is always negative but the vertical flux was negative (deposition) the 25 May, 12:00, whereas it was positive for
the two other situations, while in the same time the local advection error was positive the 25 May and negative for the two other situations.
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Figure 11.  Ammonia flux at z = 1 m at Site 1 measured with the gradient technique (orange  line: mean gradient estimate of the flux; green 

line: alternative gradient estimate of the flux) and the FIDES-2D surface dispersion model (blue circles) during (a) the pre-cut period, (b) the pre-

fertilisation period, and (c) the post-fertilisation period. The modelled flux has been inferred with the FIDES-2D model using measured χ1, χbgd, 

the fetch, as well as u*, d, z0, L. The mean gradient flux and the alternative gradient estimate are detailed in Milford et al. (2009). 
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stability, but not much onu∗. This is also true for the magni-
tude of the advection error which is not dependent onu∗ for
constant surface sources (and little dependent for constant
surface concentration sources) (Table 2). On the contrary,
under stable conditions, the advection error at 1 m height and
300 m downwind from the source increases by 30% above
its value in neutral conditions, while unstable conditions it
diminishes to 62% of its value at neutrality. This is expected
since instability favours atmospheric dilution which dimin-

ishes advection below 1 m height. The effect of stratification
is larger for field emission induced advection errors. The
roughness lengthz0 also has a great effect on advection er-
ror: the smaller the roughness, the larger the advection error
(the reasons are similar as for the effect of thermal stratifica-
tion). As a rule of thumb, forz0=10 mm and 1000 mm, the
advection error is 2 times larger and 4 times smaller than for
z0=100 mm, respectively.
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5.4 The FIDES-2D model as an independent method to
infer NH 3 fluxes

The FIDES-2D model (Loubet et al., 2001) has been adapted
here to account for both the farm NH3 emissions and the NH3
fluxes above the experimental field. This paper focuses on
modelled flux divergence due to advection. However, an-
other notable result is that, in the process of estimating the
advection errors due to the field, the FIDES-2D model pro-
vided an alternative estimate of the surface flux in the exper-
imental field, in a similar way as presented by Sommer et
al. (2005). This modelled flux was compared with the gradi-
ent and REA estimates (Hensen et al., 2008; Milford et al.,
2009; Sutton et al., 2009). The fluxFz{1 m} at Site 1 in-
ferred with FIDES-2D using onlyu∗, z0, d, L, χ1, χbgd and
the fetch, fits closely to the fluxes measured by the gradient
method Fig. 11, as reported for the mean gradient estimate of
the flux and the alternative gradient estimate (given for some
days where there was particular uncertainty between instru-
ments, Milford et al., 2009). The flux estimated by FIDES-
2D represented in Fig. 11 was estimated assuming a constant
surface concentration. The flux estimated with a hypothe-
sis of a constant surface flux was 3% higher (R2=0.9998,
n=2126) than with constant surface concentration.

The use of the FIDES-2D model as a method to infer NH3
fluxes is a notable result for at least two reasons. Firstly,
the two methods are relatively independent since the gradi-
ent method uses the vertical gradient near the ground and
the FIDES-2D method uses the concentration difference be-
tween two locations (χ1(1 m), χbgd(42 m)). Secondly, this
suggests that, when the geometry of the source /sink can be
identified, only one concentration measurement close to the
ground (1 m height) and one concentration measurement in
the background are necessary to infer the fluxes, knowing
u∗, z0, d and L. Note that all data need to be measured
on a fine temporal scale (30 min–2 h). The FIDES inference
method worked well when the field was itself the main local
source of NH3, therefore driving the concentration change
above the field, as is shown in Fig. 2. In a situation where
the concentration at 1 m is driven by background sources lo-
cated further away, such as during the first week of experi-
ment (upper graph of Fig. 11), the method employed here is
much more uncertain. It is also likely to be more difficult to
achieve good results in situations where the background and
the local concentration are close to each other, due to a larger
relative uncertainty in the concentration measurements.

Nevertheless, these results demonstrate the interest of such
an inference method. The concentration measurement be-
tween an emitting field and a background does not require
the same precision as needed in a gradient or a REA flux
measurement. Moreover, in this study the inference method
can be used to discriminate between the flux measurements
methods. In the situations where the mean gradient and alter-
native gradient fluxes do not agree, especially for days 3 June
2000, 8 June 2000 and 10 June 2000, the FIDES-2D estimate

thus provides a valuable independent estimate. On 3 June
2000, the FIDES-2D estimate of the flux matched closely to
the mean gradient estimate of the flux, whereas on 8 June
2000 it is closer to the alternative gradient estimate of the
flux, and on 10 June 2000 it lies in between the two. Hence
this comparison can be useful in interpreting the gradient flux
measurements, such as for comparison with process based-
model estimates (Personne et al., 2009; Sutton et al., 2009;
Burkhardt et al., 2009).

6 Conclusions

The divergences in the vertical NH3 flux at 1 m height due
to advection over intensively managed grassland have been
inferred from an inverse modelling approach and from direct
measurements of the horizontal concentration gradients. The
advection errors over the experimental field have been shown
to result from the combination of advection due to farm emis-
sions and due to emissions from the study field itself. A sim-
ple method consisting in adding up these advection fluxes
in the model resulted in a combined local advection error,
which compared well with the inferred advection error.

The advection error due to the farm emissions was posi-
tive (“biased toward emission”), and ranged between approx-
imately 0 and 27 ng NH3 m−2 s−1, at 610 m downwind, and
was independent of the field fluxes. Relative to the flux at
Site 1 after cutting and fertilisation, advection error due to
the farm was small, but it represented 52% on average before
the cut for periods when Site 1 was downwind of the farm.
The field-induced advection errors were negative (“bias to-
ward deposition”) and represented a small fraction of typi-
cally 1.5% of the flux on average but up to 7% on occasions.

Measurements of NH3 emissions over an agricultural field
could hence lead to a systematic underestimation of NH3
emissions to the atmosphere of up to 7% due to local ad-
vection errors. Conversely, advection errors induced from a
point source such as a farm, over semi-natural land are not
proportional to the flux, but depend on the farm source mag-
nitude. This study shows that the magnitude of advection
errors at 1 m height, resulting from a farm source is likely
to be about 10 ng NH3 m−2 s−1 as an order of magnitude at
600 m downwind of an intensive source, but can reach around
100 ng NH3 m−2 s−1 at 100 m downwind from a farm.

This study shows that in a regional budget, emissions
from intensively managed fields would be underestimated
(“bias toward deposition) and deposition to semi-natural ar-
eas would also be underestimated (“bias toward emission”)
(Loubet et al., 2001; Milford et al., 2001b). It is however not
possible from this study to determine if the overall budget of
advection errors is balanced in a regional budget.

This study has proven the usefulness of local dispersion
modelling to estimate the advection errors in a complex en-
vironment. The use of a 2-D model was however shown to
have limitations and the use of a 3-D dispersion and exchange
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model would be interesting for further studies of local advec-
tion errors.
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