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An analytical model was developed to describe in-canopy
vertical distribution of ammonia (NH3) sources and sinks and
vertical fluxes in a fertilized agricultural setting using measured
in-canopy mean NH3 concentration and wind speed profiles.
This model was applied to quantify in-canopy air-surface
exchange rates and above-canopy NH3 fluxes in a fertilized
corn (Zea mays) field. Modeled air-canopy NH3 fluxes agreed
well with independent above-canopy flux estimates. Based
on the model results, the urea fertilized soil surface was a
consistent source of NH3 one month following the fertilizer
application, whereas the vegetation canopy was typically a net
NH3 sink with the lower portion of the canopy being a
constant sink. The model results suggested that the canopy
was a sink for some 70% of the estimated soil NH3 emissions.
A logical conclusion is that parametrization of within-canopy
processes in air quality models are necessary to explore the
impactofagriculturalfield levelmanagementpracticesonregional
air quality. Moreover, there are agronomic and environmental
benefits to timing liquid fertilizer applications as close to
canopy closure as possible. Finally, given the large within-
canopy mean NH3 concentration gradients in such agricultural
settings, a discussion about the suitability of the proposed
model is also presented.

1. Introduction
Over the past three decades, interest in measuring and
modeling bidirectional exchanges of NH3 between the
biosphere and the atmosphere has proliferated for a number
of reasons. NH3 plays a primary role in aerosol formation
because it is an atmospheric acid-neutralizing agent. At-
mospheric ammonium nitrate and ammonium sulfate
aerosol adversely influences human health (1), decreases

visibility, and affects atmospheric radiative forcing (2). NH3

deposition also adversely affect ecosystems by contributing
to soil acidification and habitat loss related to excess nutrient
loading (3). Biological processes in soils enriched by reduced
nitrogen (NHx) deposition can lead to emissions of NH3 and
nitrous oxide, a greenhouse gas (3), and vegetation can act
as a sink or source of atmospheric NH3 (4). The use of NHx

as a fertilizer in agricultural processes has dramatically
increased over the past century, and the trend is expected
to continue with an increasing demand for biofuels and to
simply meet the nutritional requirements of an increasing
global population (5).

The impact of human activity on the nitrogen cycle has
made the parametrization of NH3 emissions and deposition
in air quality models an active area of research for determining
sound regulatory scenarios for human exposure to particu-
lates, ecosystem nutrient loading, and climate change (2).
The largest sources of atmospheric NH3 are large-scale
livestock operations and fertilized agricultural fields (3).
Recent research has led to the development of mechanistic
models to describe emissions from livestock operations (6)
and air-vegetation NH3 exchange (7). However, the role of
vegetation in regulating NH3 emissions from fertilized
agricultural fields remains a subject of research (8) that lacks
analytical tractability and a clear organizing framework for
evaluating field measurements.

A process level understanding of biological, chemical, and
mechanical processes influencing the soil-vegetation-
atmosphere exchange of nitrogen over a variety of managed
and natural ecosystems remains needed before the impact
of field scale mitigation strategies on regional air quality can
be realized (9). Progress has recently been made in elucidating
the mechanisms driving NH3 air-surface exchange. Bidi-
rectional NH3 exchange models that include stomatal
compensation points, the equilibrium surface concentration
when there is no net exchange, and parametrization of
dynamic leaf surface chemistry models have been developed
(7, 10-12) and adapted in a number of applications (13).
Also, a process-based understanding of NH3 exchange across
atmospheric-stomatal cavity and atmospheric-vegetation
surface interfaces has been proposed (8). Nevertheless, the
effect of soil emission processes and alteration of in-canopy
sources and sinks by enriched NH3 concentration in these
deeper layers of the canopy remain vexing research problems
to be confronted (2).

Above-canopy NH3 fluxes can be estimated using mi-
crometeorological techniques, flux gradient approaches
(6, 14), relaxed eddy accumulation (15, 16), or directly
measured via eddy covariance methods (17). Such measure-
ments are a net soil-canopy-atmosphere flux and do not
distinguish between soil and vegetation contributions needed
to advance model development (2). In-canopy sources and
sinks of NH3 enriched in a stable isotope of nitrogen have
been made by using flux chambers (12), though the small
scale of such measurements are “cursed” by large spatial
variability.

Canopy-scale sources, sinks, and fluxes may be inferred
based on an “inversion” using in-canopy mean scalar
concentration profile measurements (18-21). Two broad
“inversion” approaches exist; Eulerian-based closure schemes
that vary in complexity (e.g., refs 22-28) and Lagrangian
near field (LNF) dispersion models (23, 29, 30). Higher order
Eulerian methods generally require measurements or mod-
eling of the in-canopy flow field, but more important, they
require the turbulent kinetic energy dissipation rate or the
relaxation time scale profiles. These quantities are notoriously
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difficult to model or measure inside dense canopies. Likewise,
LNF requires knowledge of vertical distributions of Lagrangian
time scales and vertical velocity standard deviation. Uncer-
tainties in these parameters can lead to unrealistic integrated
flux profiles (19, 31). To date, a simplified analytical method
that can explicitly predict canopy sources and fluxes of NH3

from mean concentration profiles is desirable but lacking,
though interest in this topic is gaining popularity in canopy
turbulence research (32).

Here, we propose a simplified analytical model that
describes the in-canopy vertical distribution of NH3 sources
and sinks and vertical fluxes in a fertilized agricultural setting
aimed at quantifying in-canopy air-surface exchange and
above-canopy NH3 flux. While simplified analytical models
can be criticized “ad-infinitum”, especially when they are
theoretically anchored to first-order closure principles, the
technique proposed here provides constraints that allow
above-canopy fluxes, soil and leaf chemistry measurements,
and measurements of environmental variables to be inter-
preted. The fact that this approach is applied to a fertilized
agricultural setting often characterized by large mean vertical
gradients in NH3 concentrations permits some theoretical
justification for the usage of first-order closure principles.
Performance of the model was also evaluated against direct
eddy covariance measurements of sensible heat fluxes and
modified Bowen ratio (MBR) fluxes of above canopy NH3

fluxes collected at the field site.

2. Experimental Section
2.1. Site Description. The site was a 200 ha agricultural field
near Lillington, North Carolina (35° 22′ 35.7” latitude 78° 46′
45.1” longitude 45 m elevation). Soils were primarily fine
sandy loam (Exum series) with a texture of 21, 68, and 11%
sand, silt, and clay, respectively. Beneath the canopy, the
ground surface was primarily exposed soil with little leaf
litter. The field was planted in corn (Zea mays, Pioneer
varieties 31G66 and 31P41, density of ≈70 000 plants ha-1)
and fertilized with 50 kg N ha-1 ammonium polyphosphate
(injected) between 4/18/07 and 4/23/07. The field was
fertilized again between 5/25/07 and 5/29/07 with 135 kg N
ha-1 urea ammonium nitrate solution (surface applied)
containing Agrotain nitrogen stabilizer. The canopy reached
a peak leaf area index (single-sided) of 2.9 ( 0.6 m2 m-2 and
a maximum canopy height (hc) of 2.2 m near 7/15/07 and
had fully senesced by 8/21/07.

2.2. In-Canopy Measurements. In-canopy mean velocity,
air temperature and NH3 concentration profiles were mea-
sured from July 6 through August 1, 2007. An ATI 3D sonic
anemometer (Applied Technologies, Inc., Longmont, CO)
was mounted on an adjustable bracket to measure sensible
heat and momentum fluxes within the canopy. The sonic
anemometer was sampled at 10 Hz and mounted from 0.5
to 1.5 m above the soil surface. In-canopy NH3 concentrations
were measured using duplicate phosphorous acid coated
annular denuders (URG, Chapel Hill, NC) mounted at 0.1,
0.3, 0.95, 1.5, and 2.25 m above ground level. Denuders were
sampled for approximately two hours each at an air flow rate
of 20 L min-1. After sampling, denuders were extracted with
2.5 mL deionized water and analyzed for NH4

+ by ion
chromatography (model DX120, Dionex Corporation, Sunny-
vale, CA). Air concentrations (µg NH3 m-3) were calculated
by dividing the mass of NH3 collected by the total volume
of air sampled. Excellent precision was achieved between
paired in-canopy denuder replicates; the median relative
difference was 4.6% (N)45). Each denuder set was collocated
with a copper-constantan thermocouple sampled at a
frequency of 1 Hz. Leaf temperatures were sampled at 1 Hz
using copper-constantan thermocouples affixed to the leaf
surfaces at 0.65, 0.85, 1.4, 1.8, and 1.8 m above the ground.
Apoplastic [NH4

+] and pH were measured from extracted

leaf apoplastic solution by using the vacuum infiltration
technique (33) to directly measure the canopy’s emission
potential.

2.3. Above-Canopy Measurements. R.M. Young model
81000 sonic anemometers (R.M Young Company, Traverse
City, MI) were mounted at 2.5, 3.5, and 10 m above the ground
level and a leaf wetness sensor was mounted at the canopy
height (Campbell Scientific, model 237, Logan, UT). Four
collocated phosphorous acid coated denuders (URG, Chapel
Hill, NC) mounted at 4.92 m above the soil surface were
sampled for twelve hours each at an air flow rate of 10 L
min-1. Vertical NH3 concentration gradients above the canopy
were measured at 0.3 and 2.4 m above the canopy with a
continuous flow wet denuder system “AMANDA” (ammonia
measurement by annular denuder sampling with online
analysis; ref 14). Gaseous NH3 was collected from the sample
airstream (30 L min-1) in a wetted continuous-flow annular
denuder using a stripping solution of 3.6 mM NaHSO4. The
aqueous NH3 concentration was determined by a detector
based on a selective ion membrane and online conductivity
analysis (detection limit ≈ 0.02 µg NH3 m-3) by sequentially
sampling each denuder such that a vertical profile was
determined every 15 min for 30 min flux calculations. Copper-
constantan thermocouples were collocated with annular
denuders to measure ambient mean air temperature profiles.

2.4. Modified Bowen Ratio for Above-Canopy Fluxes.
Above-canopy NH3 fluxes were estimated using the modified
Bowen ratio (MBR) method. The MBR method assumes the
turbulent diffusivity of NH3 is similar to the turbulent
diffusivity of heat such that

where FNH3 is the air-canopy flux of NH3, w′T ′′ the eddy-
covariance measured sensible heat flux and, ∆ jC and ∆ jT are
colocated mean NH3 concentration and air temperature
measured differences at heights z1 and z2.

2.5. Analytical First-Order Closure Model for In-Canopy
Fluxes. The mean in-canopy continuity equation for a
stationary and planar-homogeneous high Reynolds number
flow in the absence of subsidence can be expressed as

where C is a scalar concentration (e.g., NH3), w ′C ′ is the
scalar flux and S(z) is the source/sink rate of C. The scalar
flux can be estimated using gradient-diffusion (K) theory;

where Ke is the eddy diffusivity for NH3. While first order
closure models are often questionable inside canopies (29),
this approximation may be valid for NH3 under conditions
associated with fertilized cropping systems where NH3

concentration profiles would be expected to decrease
monotonically with height (Supporting Information (SI)
Text S1). In-canopy eddy diffusivity can be characterized
from the mean wind speed profile and the mixing length
hypothesis via

where Lm is the mixing length, and Pr is the turbulent
Prandtl number (34). Pr is near unity for near-neutral flows
in the atmospheric surface layer (ASL); however, values as
low as 0.5 have been reported near the canopy top (35).

FNH3
) w ′T ′

______∆Cj

∆Tj
) w ′T ′
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Tj(z1) - Tj(z2)
(1)

∂C
__
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The mixing length is parametrized following Harman and
Finnigan (34):

where � is the dimensionless momentum flux (u*/ jU|z)hc), Cd

is the product of the in-canopy drag coefficient and the
sheltering factor (typically between 0.1 and 0.3 (36)), a is the
mean leaf area density, the ratio of the plant area index to
the canopy height (hc), d is the zero plane displacement, L
is the Obukhov length, and �m is the dimensionless correction
factor for atmospheric stability.

The in-canopy mean wind speed profile, turbulent
diffusivity for momentum (Kt ) KePr), and momentum flux
(u′w′)are based on the analytical solution of Inoue (37)
following the parametrization of Harman and Finnigan (34):

The above-canopy stability corrected log-linear mean wind
speed profile was used to scale the wind speed measured at
2.5 and 3.5 m to the canopy height (z ) hc) following Byun
(38)

where zo is the momentum roughness length, d is the zero
plane displacement (0.1 hc and 2/3 hc respectively), k ) 0.4
is von Karman’s constant, and ψ is the integrated diabatic
stability correction.

Upon substituting these approximations into eq 2, the
NH3 sources and sinks are now analytically linked to the
measured mean concentration profile, momentum absorp-
tion by the canopy drag elements, mixing length, and the
friction velocity at the canopy top via

The turbulent fluxes can be inferred by integrating eq 2 after
solving eq 8 using measured mean concentration profiles.

Results and Discussion
3.1. Wind Profiles. Because the vertical variation of the
momentum eddy diffusivity is central to the description of
S(z), the analytical model for mean velocity and turbulent
stress was compared to the Wilson (39) data for a similarly
structured corn canopy (LAI ) 2.9, hc ) 2.21 m) (Figure 1).
For reference, K-ε model results described in Katul et al. (36)
are also shown in Figure 1. Both the analytical and K-ε models
captured the variations well in wind speed profiles measured
by Wilson (39), with coefficient of determination (r2) values
of 0.987 and 0.989, respectively. When the analytical model
was applied to field data, a clear underestimation in the
measured in-canopy wind speed profiles under stable
conditions emerged using the a priori specified drag coef-
ficient (Cd ) 0.3) of Wilson (39).

The best estimate of the wind profile over a variety of
stability regimes was found when the in-canopy drag
coefficient was solved from the parametrization of the in-
canopy momentum flux, eqs 5 and 6, and measured
momentum fluxes. The parametrization of a vertically
invariant in-canopy drag coefficient is reasonable for a corn
canopy, known to have a relatively uniform vertical distribu-
tion of leaf area densities and closed understory. However
if this formulation is to be applied for a canopy with an open
understory and more variable leaf area density, the drag
coefficient should be parametrized as a function of height
(40, 41).

3.2. Turbulent Sensible Heat Flux Estimation. Sensible
heat fluxes estimated by integrating the source-sink profile
of the analytical closure model from the soil surface (z ) 0)
up to the canopy height (z )hc) correlate well with measured
sensible heat fluxes. Comparison of above-canopy fluxes by
regression analysis indicates a linear relationship with a
slope of 1.05 and intercept of -8.30 × 10-3 °C m s-1 (r2 )
0.854, p < 0.001, N ) 341); mean normalized bias and error
are -21 and 50%, respectively. Comparison of in-canopy
measured and modeled fluxes yields a slope of 0.646 and
intercept of -1.72 × 10-3 °C m s-1 (r2 ) 0.632, p < 0.001, N )
341) with mean normalized bias and error of -49 and 59%,
respectively (Figure 2). Above-canopy sensible heat fluxes
were underestimated during the morning transition when
the upper canopy was being heated and overestimated during
the evening transition when the upper canopy was cooling
(when stationarity assumptions are questionable). In-canopy
sensible heat fluxes were underestimated during the midday

FIGURE 1. Comparison between measured and modeled normalized mean wind speed and momentum flux profiles. The data are from
Wilson (47) (circles) and K-ε model (black line) and the analytical model (dashed gray line) estimates of the mean wind speed
normalized by u*(a) and the Reynolds’ stress normalized by u*

2are plotted as a function of height normalized by canopy height (b).
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peak, possibly because the model does not consider soil heat
storage (see SI Text S1).

It is important to note that, while the sensible heat flux
is commonly used to evaluate in-canopy source/sink models,
in this case such a comparison may represent a worst case
test of the model. The first-order approach presented here
should perform best when a large monotonic gradient is
present. As described in SI sections S1 and S2, the measured
NH3 concentration gradients are always much larger than
the corresponding temperature gradients. While the agree-
ment between measured and modeled heat fluxes presented
here is comparable to and in some cases exceeds the
performance of other Eulerian and LNF techniques (22-30)
in different canopies, it may not be truly indicative of the
skill of the proposed method. Comparison to the flux of a
nonreactive compound such as N2O, which is emitted only
from the soil and at similar rates to NH3, would be more
appropriate.

3.3. Air-Canopy Ammonia Flux Estimates. Measured
in-canopy NH3 concentration profiles were consistently near
monotonic during all in-canopy sampling periods with the
magnitude of the concentration decreasing with height from
the soil surface to the top of the canopy suggesting that first-
order closure principles may be applicable (SI Text S1, Figure
3). In-canopy concentration profiles where separated into
three categories; (1) included samples that were taken before
sunrise when the atmosphere was typically stable (Figure
3a), (2) included samples that were taken in mid to late
morning during the canopy drying period (Figure 3b), and
(3) included samples that were taken from late morning into
the afternoon when the canopy was typically dry and
conditions were unstable (Figure 3c). Above canopy NH3

fluxes estimated by integrating modeled in-canopy source
sink profiles from the soil surface to the canopy height

compared well (regression slope ) 0.882, significant at p <
0.001 and the intercept was not statistically different from
0) with above canopy MBR flux measurements (Figure 4).
When the largest evasive flux measured on July sixth was
removed from the analysis the slope dropped to 0.386 but
the correlation was still significant at p < 0.05 and the least-
squares regression line falls within the 95% confidence
interval, based on the variability of the flux in each sampling
period, of six of the remaining eight sets of MBR flux
measurements.

3.4. In-Canopy NH3 Sources and Sinks. In-canopy
source/sink and concentration profiles indicate that, ap-
proximately one month following fertilizer application, the
canopy recaptures the majority NH3 emitted from the soil
surface. On average, 73% of soil NH3 emissions were taken
up by the canopy at a mean rate of 118 ng m-2 s-1. Canopy
uptake was similar in magnitude to the sugar cane crop
studied by Denmead et al. (18); however, the fractional uptake
of estimated soil emissions was much greater for this site.
Soil emissions estimates and mean concentration measure-
ments of Denmead et al. (18) were 1-2 orders of magnitude
higher than presented here. The difference in the uptake of
soil emissions may be influenced by differences in the in-
canopy ambient NH3 concentrations and fertilization rates,
which drive the stomatal component of the foliage exchange
through the regulation of apoplast chemistry and, subse-
quently, the stomatal compensation point.

Net canopy compensation points, which represent the
combined effects of cuticular and stomatal exchange, were
approximated by inverting the modeled source sink profiles.
This inversion is analogous to the technique applied to the
LNF modeled sources and sinks of Harper et al. (42). Upper
canopy (i.e., 0.5 < z/hc e 1) modeled compensation point
compared well with experimentally derived stomatal com-
pensation points estimated from measured leaf temperature
and apoplast NH4

+ and H+ concentrations (mean of 2.31 µg
m-3 and 2.13 µg m-3 respectively). Exchange in the upper
canopy was also bidirectional depending on the strength of
the soil emissions, above canopy concentrations, and
environmental parameters (e.g., leaf wetness, leaf temper-
ature, relative humidity, etc.). This result is in good agreement
with above canopy MBR measurements of Nemitz et al. (15)
despite differences in the ground surface emissions sources
(Table 1). Ground surface emissions were from fertilizer
application here and from senescent leaves in Nemitz et al.
(15). Deeper in the canopy (0 < z/hc < 0.5), the sinks remain
persistent through daytime and early morning hours when
stomatal exchange is expected to be small suggesting that
cuticular processes dominate uptake in these lower canopy
layers, while the stomatal component of the net air-surface
exchange is relatively more important in the upper canopy
layers. Modeled canopy compensation points were ap-
proximately half of the values for Z. mays reported by Harper
and Sharpe (21) and at least an order of magnitude lower
than those estimated by Harper et al. (42) using the LNF
dispersion technique, although these studies also reported
ambient concentrations at least an order of magnitude larger
than those measured here.

In-canopy source/sink estimates for stable nighttime
conditions indicate a net NH3 deposition to the canopy, in
agreement with above-canopy MBR fluxes. In-canopy con-
centrations increased through early morning sampling,
during stable periods, peaking at approximately 9:30 a.m.
and then decreasing during late morning and afternoon hours
presumably through venting of the canopy (Figure 3; SI Text
S2). This observation is consistent with the observations of
Nemitz et al. (19) in an oilseed rape (Brassica napus) canopy,
where ground surface emissions from decomposing senesced
leaves escaped the canopy only during windy nighttime
conditions.

FIGURE 2. Scatter plot of measured and integrated modeled
kinematic sensible heat fluxes, w′T ′ at the canopy top (black
circles) and in the canopy (gray triangles, z/hc ) 0.23-0.68) (a).
Hourly averages of eddy covariance (dotted line) and closure
model (dashed lines) sensible heat fluxes are shown. The
shaded area represents (1 standard deviation bounds from the
eddy covariance flux measurements (b).
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A diel morning peak in above canopy ambient NH3

concentrations and evasive MBR flux measurements, begin-
ning at approximately 7:00 a.m. EST to a mean daily
maximum at approximately 8:00 a.m. EST, was persistent
during the month of in-canopy sampling (Figure 5). Leaf
drying experiments were conducted to investigate if the
morning “spike” in mean NH3 concentrations was, in part,
due to the evasion of ammonium contained in dew droplets
as the canopy dried. The average concentration of NH4

+ in
the leaf surface droplets was 689 µg L-1 (and ranged from 11
to 2989 µg L-1). During the leaf drying experiments, we
measured 25-35 g H2O m-2 leaf area in the upper and middle
canopy (with widely varying but smaller amounts in the lower
canopy). Assuming a leaf area of 3.0 m2 m-2 and further
assuming that the canopy dries completely between sunrise
and 9:30 a.m. (based on our measurements), an average
emission flux 4.0 ng NH3 m2 s-1 was calculated for the drying
period. Using the maximum observed NH4

+ concentration
in dew water yields an estimated maximum emission during
the drying of the canopy of 17.6 ng NH3 m2 s-1, 5-21% of the
median MBR flux of 84.7 ng NH3 m2 s-1 measured between

7 a.m. and 10 a.m. EST from July 6th through August 1st. The
direction of the NH3 flux estimation and concentration of
NH4

+ in the dew indicate that the peak in the morning NH3

concentrations originated primarily from canopy and soil
sources rather than dew as observed by Sutton et al. (10).

Closure model estimates of the evasion of NH3 from the
soil surface were assumed to be equal to the source/sink
estimate at z )0. This estimate is independent of soil physical
and chemical processes and is based on the near soil surface
concentration profile and model estimated eddy diffusivity
constrained by the in-canopy measurements extrapolated
to the soil surface using the first order closure model. Results
indicate that the large in-canopy concentration gradient was
driven by persistent emissions from the urea fertilized soil
surface throughout the measurement period (Table 1, SI
Figure S3). Soil surface emission and canopy uptake estimates
were enhanced by rainfall (43) in agreement with Roelle and
Aneja (44). Accumulation of NH3 on vegetative surfaces has
been shown to reduce canopy uptake (17, 45) and enhanced
uptake of NH3 following precipitation may be due to wash-
off. However, air motion and transport processes remain
uncertain near the soil surface because, as in other in-canopy
studies, measurements were not made near the soil surface
(z < 0.5 m) due to the 0.1 m path length and sampling
frequency of the sonic anemometer (19). The structure of
the boundary layer near the soil surface is unresolved and
typically ignored due to difficulties in measuring wind and
scalar variables (46) at appropriate spatial and temporal
scales. Estimates of the in canopy air-soil flux from the
closure model include uncertainty in the extrapolation of
the in-canopy exchange parametrizations to the soil surface.
However, these uncertainties are also present for LNF and
more complex Eulerian closure models and the presence of
a strong near-monotonic measured concentration profile
indicate that the soil was a local source of NH3 emissions.

3.5. Field and Regional Scale Applications. On average,
26.8% of the emissions from the ground level were estimated
to be released to the atmosphere. Thus, there are agronomic
and environmental benefits to timing fertilizer applications
as close to canopy closure as possible while considering the
physiological nitrogen requirements of the crop (47, 48).

The use of an analytical in-canopy source/sink model is
useful in applying constraints to the relative contributions
of vegetation and soil to net canopy-scale fluxes of NH3. This
closure technique is more constrained by measurements than
a priori specified empirical resistances to partition above
canopy fluxes into contributions from canopy and soil

FIGURE 3. Measured NH3 concentration profiles (CNH3) from July 6 to August 1 for in-canopy sampling periods before (a), during (b),
after (c) the time frame of the average morning concentration peak. The lines indicate smoothed concentration profiles needed in
first and second derivative estimations when determining the source/sink profile (S).

FIGURE 4. Above canopy modified Bowen ratio NH3 (AMANDA
MBR) flux vs the NH3 flux derived from integrating the
analytical closure model (ACM) S to the canopy top (Integrated
in-canopy).
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sources. This simple model lacks the sophistication of higher
order Eulerian closure and LNF models but estimated canopy
and soil sources and sinks agree reasonably well when a
strong monotonic in-canopy concentration profile is present.
Furthermore, the model presented here may be used to
parameterize in-canopy resistances and to constrain canopy
and soil NH3 partitioning suitable for air-quality model air
surface exchange algorithms. As expected, model perfor-
mance was poorest when there were weak nonmonotonic
scalar concentration profiles within the canopy (discussed
in SI Text S1), particularly during morning and evening
transition periods when flow is nonstationary. The results
obtained using this technique are being used in conjunction
with measurements of soil, apoplast and vegetation surface
chemistry, and canopy structural and physiological param-
eters to refine the bidirectional NH3 surface exchange model

currently in development for the community multiscale air
quality (CMAQ) model (49).
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