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ABSTRACT

Modeled and measured bi-directional fluxes (BDFs) of ammonia (NH;) were compared over fertilized soybean and corn
canopies for three intensive sampling periods: the first, during the summer of 2002 in Warsaw, North Carolina (NC),
USA; and the second and third during the summer of 2007 in Lillington, NC. For the first and the third experimental
periods, the BDF model produced reasonable diurnal flux patterns. The model also produced correct flux directions
(emission and dry deposition) and magnitudes under dry and wet canopy conditions and during day and nighttime for
these two periods. However, the model fails to produce the observed very high upward fluxes from the second sampling
period due to the fertilization application (and thus being much higher soil emission potentials in the field than the de-
fault model values), although this can be improved by adjusting model input of soil emission potentials. Model-meas-
urement comparison results suggest that the model is likely capable for improving long-term or regional scale ammonia
predictions if implemented in chemical transport models replace the traditional dry deposition models, although modi-

fications are needed when applying to specific situations.
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1. Introduction

Ammonia (NH;) plays important roles in atmospheric
chemical processes and biogeochemical cycles [1-3].
NH; is a major contributor to secondary inorganic aero-
sol compounds [4,5] which affect air quality and have
direct and indirect impacts on climate [6]. NH3 and am-
monium ( NH} ) represent important nutrients to the bio-
sphere in some areas, and their deposition can fertilize
nitrogen-limited ecosystems. NH; and NH, can also
have detrimental effects such as eutrophication, soil aci-
dification, and the loss of biodiversity in sensitive eco-
systems [7-10].

The primary sources of NH; are animal waste, am-
monification of humus followed by emission from soils,
losses of NHs-based fertilizers from soils, and industrial
emissions [11]. The majority of these emissions come
primarily from biological processes, as well as from by-
products of agricultural and waste production and proc-
essing of both human and animal waste [12-14]. A sig-
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nificant fraction of NH; emitted from major sources can
be dry deposited to local areas downwind of the source
[15,16]. However, measurements have shown that vege-
tation can be a source or a sink of atmospheric NH; [17-
19], and biological processes in soils enriched by reduced
nitrogen (NH,) can lead to emissions of NH; [20].
Atmospheric chemical transport models (CTMs) are
useful tools to assess pollutant fate and impact on eco-
systems and to provide source-receptor relationships
which can be used for making emission control policies.
Anthropogenic NH; emission sources are mostly in-
cluded in the input files of CTMs, but the biogenic emis-
sions might not be treated properly due to the coupling
process between dry deposition and emission. One ap-
proach proposed in the literature is to use a bi-directional
flux (BDF) scheme to replace the dry deposition only
scheme [21]. In comparison to the rather simplified dry
deposition scheme (non-BDF) currently used in CTMs,
the BDF scheme accounts for not only deposition but
also emission over certain land-use types. Depending on
the ambient mixing ratio, the BDF scheme could 1) lead
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to larger fluxes from the surface to the atmosphere [5,
17,18,22-25]; and 2) improve the performance of NHj;
prediction, leading to a better understanding of the eco-
system nitrogen budget.

Although the improvements to the parameterization
methods involving vegetation-atmosphere bi-directional
NHj; exchange depending on the mixing ratios of NHj
near the ground surface were reported recently in Europe
and North America [26-30], performance testing of the
bi-directional exchange scheme and measurements is still
under development in North America [31-34]. A com-
prehensive review of the various recently-developed
models for the air-surface exchange of NHj3, as well as an
in-depth examination of the theory and measurements
from which the models are developed and tested, can be
found in Flechard ef al. (2013) [35]. In this study, we aim
to evaluate the performance of the bi-directional dry
deposition scheme of Zhang et al. (2010) [30] using
measured bi-directional fluxes of NH; over fertilized
soybean during the summer of 2002 in Warsaw, North
Carolina (NC), USA, and over a fertilized corn canopy
during the summer of 2007 in Lillington, NC. Another
purpose of the study is to compare the air-surface ex-
change processes of NH; under various wetness condi-
tions.

2. Methodology
2.1. Measurements

Measurements were carried out at two sites (Warsaw and
Lillington, NC, USA) during three intensive sampling
periods. One sampling period was in Warsaw, over a
fertilized soybean field, and the other two sampling pe-
riods were in Lillington, over a fertilized corn canopy.
These three periods capture the full range of flux condi-
tions from deposition to strong emission. Measurements
conducted over these two plants, and over a wide range
of soil, vegetation, and atmospheric conditions, should
help in understanding NH; flux characteristics over dif-
ferent land-use types. Several meteorological variables
were also sampled at the same time as the flux measure-
ments.

2.1.1. Warsaw (Site 1)

The first site (hereafter referred to as Site 1), was a 90 ha
fertilized soybean [Glycine max (L.) Merr.] field in War-
saw, North Carolina. The bi-directional NH; fluxes were
measured from 06/17/02 to 08/22/02 using the modified
Bowen-ratio method. These data represent measurements
of a soybean crop in the middle of its growing season and
exposed to relatively high atmospheric NH; concentra-
tions due to local fertilization and NH; emissions from
nearby animal production facilities. The reader is re-
ferred to Walker et al. (2006) [19] for a more detailed
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description of the site and measurements.

2.1.2. Lillington (Site 2)

The second site was a 200 ha fertilized corn (Zea mays,
Pioneer varieties 31G66 and 31P41) field in Lillington,
North Carolina. The above-canopy NH; fluxes presented
here cover two periods: from 06/21/07 to 06/29/07 (here-
after referred to as Lillington-A or Site 2a) and from 07/
06/07 to 07/31/07 (hereafter referred to as Lillington-B,
Site 2b), using the modified Bowen-ratio method. These
data represent measurements of a corn canopy in the mid-
dle of its growing season and high in NHj; due to fertiliza-
tion with a urease inhibitor. An extensive description of
these measurements can be found in Walker et al. (2013)
[34].

2.1.3. Data Grouping

To evaluate the bi-directional model and compare with
measurements, the original measured datasets were pre-
screened with the condition that both the measured NH;
concentrations and bi-directional fluxes must be avail-
able. Data were then grouped into different categories
using criteria defined in Zhang ef al. (2002) [36] as listed
in Table 1. The purpose of grouping the data this way is
to investigate the air-surface exchange processes under
different wetness conditions. Note that the model to be
evaluated here also treats the non-stomatal uptake dif-
ferently for dry and wet canopies.

The first group includes the entire dataset used in the
analysis (G1), the second group is for a dry canopy with
low relative humidity (RH) (G2), the third group is for
dry canopy but with high RH (G3), and the fourth (G4)
and fifth (G5) groups are for wet conditions caused by
dew and rain, respectively. N is the number of half-
hourly observations under each category. The data were
also grouped as G2 and non-G2 (=G3 + G4 + GS5) and
separated into daytime (07:30-19:00) and nighttime
(19:30-07:00) datasets for further comparison. During
data pre-screening, observations grouped into G2 at a
specific time were re-checked to determine if rain occurr-
ed at any point during the previous four records. If so,
then the data were re-grouped into both non-G2 and G5
(Wet-Rain) groups. The total number of post-processed
observations for Warsaw (Site 1), Lillington-A (Site 2a),
and Lillington-B (Site 2b) were 1383, 307, and 546, re-
spectively. All fluxes discussed hereafter refer to the
post-screened data of the bi-directional fluxes of NHj.

2.2. Bi-Directional Flux Modeling

The bi-directional flux exchange over the leaf stomata
and over soil in our BDF model is very similar to the
two-layer model of Nemitz et al. (2001) [25], and is
similar in concept to the existing bi-directional air-sur-
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Table 1. Data grouping criteria and the numbers of data samples (N) for the three campaigns (S1, S2a and S2b). G3 group
represents dry condition but with high relative humidity (RH). Numbers of samples in bracket are for daytime (07:30-19:00)

and nighttime (19:30-07:00), respectively.

Group definition RH Leaf Wetness Rain Ng; Ns2a Nsap
G: All Data - - 1383 307 546
G2: Dry <80% <0.1 <0.0 670 (550, 120) 175 (149, 26) 241 (220, 21)
G3: DHRH >90% <0.1 <0.0 302 (18, 284) 1(1,0) 0 (0, 0)
G3: Dew >0.8 =0.0 197 (41, 156) 96 (9, 87) 169 (35, 134)
G4: Rain >0.8 >0.0 22 (14, 8) 7(7,0) 60 (31,29)
face exchange models developed for NH; [16,21,26,34, [NHXJ
37-40]. The major differences between our BDF and r,==7" (3a)
other models include 1) different positioning of R, (the [H l.,
quasi-laminar sublayer resistance) in the resistance anal- .
ogy, 2) different parameterizations for resistance com- r - |:NH4 L (3b)

ponents, and 3) parameter values chosen for emission
potentials over various land-use categories (LUCs).

The net flux of NH; (Fy) is calculated according to
the equation:

£, =-\%=2) (1)

R, +R,

where y,is the ambient concentration at the reference
height; y, is the ambient concentration at the canopy top;
R, is the aerodynamic resistance, a function of microme-
teorological conditions only; and R, is a function of the
friction velocity (u+) and the molecular diffusivity of
each chemical species. To reduce the uncertainty in the
numerical simulation, the measured u- was used, when
available, during the calculations. The direction of the
flux is related to the difference between y, and y., where
a positive flux implies emission and a negative flux im-
plies deposition. The reader is referred to Zhang et al.
(2003 and 2010) [30,41] for the detailed parameterization
of the model.

Compared with the non-BDF model, the BDF model
requires the compensation points (at which flux change
directions) over the stomata (y,) and over the soil (),
which are given in pgm by [25,42]:

161500 10378
zs,{ - ]exp{—T—st,x(lﬂmxlOw) (2a)

st

161500 10378
;(g{ ; Jexp{— - }ng<1.703><10'°) (2b)

4 4
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where Ty, is the temperature of the leaf stomata (K), [, is
the stomatal emission potential (also known as the
apoplastic ratio) at 1 atmosphere, T, is the temperature of
the ground surface (K), and I, is the soil emission poten-
tial. The emission potentials are defined as [38,42]:
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g |:H+ :Ig
where [NHXL and [NH4+ ]g are the concentrations

of NH; (mol-L™) in the apoplastic fluid and in the
soil/surface litter, respectively; [H'], and [H'], are the
concentrations of H' in the apoplastic fluid and soil/sur-
face litter, respectively. Empirically derived values for I,
and I'; were defined for each LUC, with a total of
twenty-six LUCs in the BDF model (see [30] for a de-
tailed review of these values over different LUCsS).
Measured I'y, and I', (calculated from measured [NHZ
and [H'] in both the leaf apoplast and soil) were used in
the sensitivity tests (Section 3.3). In this study, LUCs 15
(crops) and 18 (maize) were the two LUCs assigned for
Warsaw (Site 1) and Lillington-A, B (Sites 2a, b), re-
spectively.

3. Results

3.1. Summary of Measured Concentrations and
Bi-Directional Fluxes of Ammonia

A summary of the half-hourly concentrations and bi-
directional fluxes of NH; measured during the three sam-
pling periods is provided in Table 2. The mean, mini-
mum, and maximum values are shown for all five groups
for both the daytime and the nighttime. A positive mean
flux implies that emission was dominant, while a nega-
tive mean flux indicates that deposition was dominant
during the given conditions.

3.1.1. Warsaw, Site 1, 06/18/02 to 08/22/02

NHj; concentrations over the soybean field ranged from
0.01 to 35.3 pg'm >, with mean and median values of 9.7
+ 6 and 9.0 pg'm> (N = 1383), respectively. These
values from the post-screened dataset are comparable to
those of the original dataset reported by Walker et al.
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Table 2. Summary of measured ammonia concentrations and fluxes.

Concentration (ug:m™)

Flux (ng'm>s™")

Sites and Periods Dataset Sample
Mean + Std Min, Max Mean+Std Min, Max
Day 10.1+6.1 0.5,353 —2.1+68 —448, 327 697
All
Night 9.3+6.0 0.01, 33.7 -11+29 —292, 65 686
Warsaw Day 9.4+58 0.5,35.3 49+62 —-395, 327 550
Site 1 Dry
06/18/02-08/22/02 Night 8.1+55 0.3,27.7 -17+34 —144, 41 120
Day 125+6.3 0.8,31.7 —28 + 80 —448, 154 147
Non-dry
Night 95+6.0 0.01,33.8 -9.9£27 —292, 65 566
Day 37+1.4 1.3,8.5 790 + 926 6.0, 6342 170
All
Night 41+£1.7 1.7,10.4 117+ 126 0.9, 598 137
Lillington-A Day 38+1.4 1.3,85 841+919 6.0, 6342 149
Site 2a Dry
06/21/07-06/29/07 Night 40+1.2 2.0,7.4 192 + 163 2.0, 525 26
Day 31+£1.2 1.7,5.8 428 £918 18,434 21
Non-dry
Night 4.1+1.8 1.7,10.4 99 £ 109 0.88, 598 111
Day 1.6+09 0.5,7.5 68 +£136 —230, 811 326
All
Night 1.7+1.1 0.6, 6.6 1.9+23 -152, 129 220
Lillington-B Day 1.4+£0.7 0.5,4.1 73 + 141 —230, 811 220
Site 2b Dry
07/06/07-07/31/07 Night 1.2+03 0.7,2.1 22+39 -2.3,15 21
Day 20+1.1 0.7,7.5 56+ 123 =220, 444 106
Non-dry
Night 1.8+1.2 0.6, 6.6 1.9+24 —-151, 129 199

(2006) [19] (0.01 to 43.9, 9.4, and 8.6 ug-m >, N = 1599).
The differences in average concentrations were in the
range of 10% - 30% between day and night and between
dry and non-dry conditions (Table 2). For the whole
dataset (G1), the average flux was —6.6 = 52 ng'm >s ',
and ranged from —448 to 326 ng'm *s'. Both emission
and deposition fluxes were observed during the day or
night and under dry or non-dry conditions. A net emis-
sion of NH; (4.9 62 ng'm >s_') was observed under dry
daytime condition while net deposition was observed
under other conditions.

3.1.2. Lillington-A, Site 2a, 06/21/07 to 06/29/07

NH; concentrations over the corn field in June ranged
from 1.3 to 10.4 pg'm>, with mean and median values of
3.9 + 1.5 and 3.6 pgm " (N = 307), respectively. The
differences in average concentrations were around 5% -
30% between day and night and between dry and non-dry
conditions. The measured flux ranged from 0.9 to 6342
ng'm >s ', with mean and median values of 489 + 770
and 243 ng'm >s', respectively. This means that only
emission fluxes (no dry deposition fluxes) were observed
during this period. The measured emission fluxes in the
daytime were four-to-six times larger than those in the

Copyright © 2013 SciRes.

nighttime. Apparently, the fertilization of the corn field
two weeks prior to the measurements was still contribut-
ing to the NHj3, leading to strong emissions during both
the daytime and nighttime [34].

3.1.3. Lillington-B, Site 2b, 07/06/07 to 07/31/07

NHj; concentrations over the corn field during the month
of July ranged from 0.5 to 7.5 pg'm, with mean and
median values of 1.6 = 1 and 1.3 pgrm~> (N = 307), re-
spectively. No significant differences (mostly <10%)
were found in the average concentrations under different
conditions (Table 2). The measured flux ranged from
—230 to 811 ng'm *s ', with mean and median values of
41 = 111 and 6 ng'm >s”', respectively. Similar to Lil-
lington-A (Site 2a), small values, close in range, for the
NH; concentrations were obtained for this sampling pe-
riod at the same site. However, the mean measured posi-
tive flux in the daytime was 30 - 34 times the flux in the
nighttime, likely due to the higher friction velocity dur-
ing the day and the smaller emission potential in the soil
during this sampling period, as the effect of the fertiliza-
tion is diminished. One can conclude that emissions were
still the dominant bi-directional air-surface exchange
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Figure 1. Diurnal variations of measured bi-directional fluxes of ammonia for dry and non-dry datasets. The values pre-
sented on box-and-whisker plots are 5, 16.5, 50, 83.5 and 95 percentile (the central 67% and 95% data are shown), and the

black dots represent the mean values.
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Figure 2. Diurnal variation of measured and modeled bi-directional fluxes of NH; using default parameters of BDF model.

The box-and-whisker plots are the same as in Figure 1.
pathway during the sampling period.

3.1.4. Diurnal Variations for Dry and Non-Dry
Datasets

The diurnal patterns of the measured fluxes for G2 and

non-G2 conditions are shown in Figure 1, in which the

original half-hourly data were averaged into hourly data.

At Site 1 which had the lowest soil N among the three

Copyright © 2013 SciRes.

campaigns, fluxes were mostly downward during the
nighttime and early morning and mostly upward from
mid-morning to late afternoon under both dry and non-
dry conditions. At Site 2a which had the highest soil N
content due to fertilization, upward fluxes were observed
during most of the day and nighttime, and the fluxes
were much higher during the day than the night and were
also higher under dry than wet conditions. At Site 2b
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which had higher soil N than at Site 1 but lower N than at
Site 2a, both upward and downward fluxes were ob-
served during nighttime although daytime fluxes were
mostly upward. With solar radiation warming the soil
and leaf surfaces during the daytime, evaporation pro-
duces an emission from the soil and leaves, resulting in a
higher emission flux. Theoretically, under non-dry con-
ditions, water in the soil and dewdrops on the leaf sur-
faces can absorb NHj, thereby leading to lower emissions
and therefore lower fluxes. Thus, wetness generally in-
creases downward fluxes and decreases upward flux.
However, very high pH in the surface droplets will re-
duce the ability of the canopy to absorb NH; under wet
conditions and actually lead to higher emission fluxes
during wet conditions. This phenomenon was actually
observed during the Lillington corn experiment. Besides,
the evaporation of morning dew can also increase up-
ward fluxes. Apparently, the directions of fluxes and
diurnal patterns depended on the meteorological and
canopy conditions as well as the soil N content.

3.2. Model-Measurement Comparison

3.2.1. Diurnal Variation

Figure 2 shows the model-measurement comparisons of
the diurnal variations of hourly-averaged fluxes for the
three campaigns. Modeling simulations using the default
parameters for the BDF model (LAI, I'y, and I, etc.)
were conducted corresponding to the post-screened data.
All 30-min data were averaged hourly, for both the mea-
surements and the modeling estimates.

As expected, the fluxes during the nights were lower
than in the daytime, due to increased emissions from the
soil caused by solar radiation and greater turbulent mix-
ing during the day. In general, the mean flux gradually
increased in the morning after 08:00 and reached a peak
approximately five or six hours later. The highest flux
was commonly observed between 12:00 and 16:00. The
diurnal variation profile of the measured flux peaked at
14:00 and 13:00 at Site 1 (Figure 1(a)) and Site 2b
(Figure 1(c)), respectively. The top three mean fluxes of
NH; at Site 2a were observed at 09:00, 10:00, and 14:00.
The first two peaks were mainly caused by the very large
fluxes observed during the daytime on 06/22/07 (DOY
173), 06/24/07 (DOY 175), and 06/26/07 (DOY 177),
which are most likely a result of a combination of a rain-
fall and then soil warming which caused a reaction in the
fertilizer in the soil [34].

The model captured the observed diurnal trends well at
Site 1 and Site 2b. The resulting modeled and measured
fluxes were found to be in good agreement during these
two campaigns. The modeled and measured fluxes were
—1.9+28 and —6.6 + 52 ng'm >s " at Site 1, and 41 = 50
and 41 + 110 ng'm >s ' at Site 2b, respectively. However,

Copyright © 2013 SciRes.

the modeled fluxes were much smaller than the observed
fluxes between 08:00 and 20:00 at Site 2a due to the very
high soil NH, concentration (Figure 1(b)) (see Section
3.3 for more discussion) and corresponding soil emission
potential (I'y).

3.2.2. Comparisons under Different Meteorological
Conditions

To evaluate the performance of the BDF model under
different meteorological conditions, the statistics of the
measured and modeled fluxes for groups G2-GS5 in the
daytime and nighttime for Site 1 and Site 2b are shown in
Figure 3. The model performed reasonably well com-
pared to the measurements. For example, the model pro-
duced correct flux directions and magnitudes at both Site
1 and Site 2b under the majority of conditions during
both day and night periods. There were a few cases when
the model differed significantly from the measurements.
These include day and nighttime dry conditions at Site 1
when the model produced too high emission fluxes than
the measurements, daytime dew condition at Site 2b
when the model did not produce as high emission fluxes
as measurements, and daytime rain condition at Site 1
and nighttime rain condition at Site 2b when the model
produced more deposition than emission fluxes while the
measurements showed the other way around. For Site 1,
slightly decreasing the soil emission potential used in the
model should improve the model’s overall performance
at this site. For Site 2b, the large range of measured flux
values under daytime dew conditions would not be
achieved by simply modifying one or two model default
parameters because the observed phenomena were
caused by a combination of various meteorological and
chemical conditions that were not all considered in the
BDF model. Overall, the BDF modeled fluxes were sig-
nificant improvements compared to the non-BDF model
results which would only have downward fluxes.

3.3. Sensitivity Tests

The initial results from the BDF model, such as the mean
fluxes and trends in the diurnal variation, agree well with
the measurements for Sites 1 and 2b using the default
model parameters as discussed above. However, due to
the much high soil N content at Site 2a, the model fails to
produce the high emission fluxes during the daytime. The
measured I'y (=[NH4]/ [H']) at this site ranged from 180
to 2,523,893, with mean and median values of 120,482 +
315,700 and 15,356, respectively. In comparison, the
model default value of T, is 5000. Thus, model sensitiv-
ity tests using larger I', values were conducted (Figure 4).
An addition test was also included by changing the sur-
face roughness length which was expected to change
resistance terms and then modeled fluxes.
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Figure 3. Comparison of measured and modeled fluxes under various conditions specified in Table 1 for Sites 1 (top row) and
2b (bottom row) during day- and nighttime. The box-and-whisker plots are the same as in Figure 1.

When I', was increased to 50,000 (Test 1), which was 10
times larger than the model default value but was less
than half of the measured average value, modeled up-
ward fluxes increased substantially and matched the
measured values during afternoon and evening time, al-
though still lower than measured values during early
morning and late nighttime. When I', was further in-
creased to 65,000 (Test 2), modeled upward flux ma-
tched measured values from mid-morning to noon time,
higher in the afternoon, still lower in the early morning.
As mentioned earlier, the high fluxes observed at
09:00-10:00 were caused by the very large fluxes from
three days (DOY 173, 175 and 177). Using a I', smaller
than the measured median value cannot generate such
high fluxes.

Using the same I', as in Test 2 but using a larger
roughness length (Test 3), modeled fluxes also increased
slightly during daytime. The average modeled and meas-
ured fluxes were 447 £ 527 and 489 + 771 ng'm >s ',
respectively, from sensitivity Test 3. The above sensitiv-
ity tests suggest that I'; is the most important model pa-
rameter for agricultural landscapes, although other pa-
rameters also play a role in the model fluxes. The model
can capture the large diurnal upward fluxes if more real-
istic soil emission potential parameter is available.

4. Conclusions

A bi-directional flux of the atmospheric NH; model was
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Figure 4. Sensitivity test for Site 2a. Grey bars and purple
dashed line represent the observation and default model
run, respectively.

evaluated based on three sets of measurements over two
different agricultural land-use categories during the
summer. On conditions of no fresh fertilization, the
model captures the diurnal pattern of observed fluxes, an
obvious improvement over the original NH; dry deposi-
tion model. If fertilizer was applied, the model would
fails to capture the very large upward flux with default mo-
del parameters. With adjusted model parameter of soil emi-
ssion, a better agreement between model and measure-
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ments can be achieved. However, when applying the
model in regional scale chemical transport models, care
should be given to the choice of soil emission parameters.
This is because anthropogenic emission is most likely
included in a separate emission input file. The bi-direc-
tional flux model should not introduce additional high
emission flux if that is already considered in emission
inputs. This will not be a concern when applying the mo-
del to specific sites.

While soil emission is more important than leaf sto-
mata emission over agricultural landscapes, it is the other
way around over natural forests. Thus, data should be
collected over forest areas and used for evaluating the
model. The model should also be evaluated at regional
scales when implemented into chemical transport models.
This work is underway for the Canadian air quality mod-
els [43].
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