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Abstract. Recent incorporation of coupled soil biogeochem- positively correlated with soil temperature and soil volu-
ical and bi-directional NH air—surface exchange algorithms metric water. Diurnally, maximum hourly average fluxes of
into regional air quality models holds promise for further re- ~ 700 ngNnT2s-1 occurred near mid-day, coincident with
ducing uncertainty in estimates of Nimissions from fer-  the daily maximum in friction velocity. Net emission was
tilized soils. While this represents a significant advancementtill observed 5 to 10 weeks after fertilization, although mid-
over previous approaches, the evaluation and improvement alay peak fluxes had declined 40125 ngNnT2s~1. A key
such modeling systems for fertilized crops requires processfinding of the surface chemistry measurements was the ob-
level field measurements over extended periods of time thaservation of high pH (7.0-8.5) in leaf dew/guttation, which
capture the range of soil, vegetation, and atmospheric conreduced the ability of the canopy to recapture soil emis-
ditions that drive short-term (i.e., post-fertilization) and to- sions during wet periods. In-canopy measurements near peak
tal growing season Nilfluxes. This study examines the leaf area index (LAIl) indicated that the concentration of
processes of Nglair—surface exchange in a fertilized corn NHg3 just above the soil surface was highly positively cor-
(Zea mayscanopy over the majority of a growing season to related with soil volumetric water, which likely reflects the
characterize soil emissions after fertilization and investigateinfluence of soil moisture on resistance to gaseous diffusion
soil-canopy interactions. Micrometeorological flux measure-through the soil profile and hydrolysis of remaining urea. In-
ments above the canopy, measurements of soil, leaf apoplastrse source/sink and resistance modeling indicated that the
and dew/guttation chemistry, and a combination of in-canopycanopy recaptureg: 76 % of soil emissions near peak LAl
measurements, inverse source/sink, and resistance modelif@omatal uptake may account for 12—34 % of total uptake by
were employed. Over a period of approximately 10 weeksfoliage during the day compared to 66—88 % deposited to the
following fertilization, daily mean and median net canopy- cuticle. Future process-level NHstudies in fertilized crop-
scale fluxes yielded cumulative total N losses of 8.4 % andping systems should focus on the temporal dynamics of net
6.1 %, respectively, of the 134 kgNhhasurface applied to  emission to the atmosphere from fertilization to peak LAl
the soil as urea ammonium nitrate (UAN). During the first and improvement of soil and cuticular resistance parameteri-
month after fertilization, daily mean emission fluxes were zations.
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1 Introduction tory approach previously used, testing and improvement of
both the bi-directional flux and soil biogeochemical mod-
Livestock and crop production are responsible for 80 %els requires process-level field measurements over extended
of ammonia (NH) emissions in the US (US EPA, 2005). periods of time that capture the range of soil, vegetation,
Fertilized soils account for 35% (US EPA, 2005) of this and atmospheric conditions that drive short-term (i.e., post-
fraction of total emissions. Fertilizer emissions vary tem- fertilization) and total growing season NHuxes within fer-
porally throughout the year in the US, reaching a maxi-tilized cropping systems. Further improvement of the bio-
mum in the spring and a minimum in winter (Geobes et al.,geochemical model will require measurements for fertilizers
2003). Approximately 60% of emissions occur betweencurrently in use and for those that will experience increased
March and June (Geobes et al., 2003). Temporal variabil-application in the future. For example, the use of nitrogen
ity of NH3z emissions influences the variability of ammo- solutions mixed with urease inhibiting agents, which act to
nium (NI—E{), sulphate (Sﬁ), and nitrate (NQ) aerosol  reduce NH emissions, is likely to expand.
formation in the atmosphere and wet and dry deposition The purpose of this study was to examine the processes
of NHyx (NHx=NHg(g + NHj ag)- Inorganic (i.e., NH-  of NHz air—surface exchange in a fertilized coea may}
based) aerosol contributes significantly to total particulatecanopy over the majority of the growing season to charac-
matter with an aerodynamic diameter @f2.5um (PM5) terize the dynamics of the emission process post-fertilization
(Edgerton et al., 2005; Malm et al., 1994; Chow et al., 2006).and investigate soil-canopy interactions once the canopy had
As a component of atmospheric nitrogen depositionxNH reached peak leaf area. Here we describe the temporal vari-
contributes to soil acidification and aquatic and terrestrial eu-ability of the net canopy-scale NHluxes, the quality of the
trophication in sensitive ecosystems (Nihlgard, 1985; Paerflux and air concentration measurements, and the soil and
and Whitall, 1999). vegetation chemistry underpinning the fluxes. We then focus
Over the past decade, efforts have been made to incoren an intensive period of measurements within and above the
porate the temporal variability of fertilizer emissions into canopy at peak leaf area to characterize soil/canopy interac-
inventories used for air quality modeling and assessmentsions.
(Geobes et al., 2003; Gilliland et al., 2003). With respect to
regional atmospheric models, emissions from fertilized soil
have previously been processed and input separately frord Methods
the physical and chemical components of the model that sim-

ulate transport, atmospheric transformations, and loss pro?'1 Site description

cesses (Mathur and Dennis, 2003; Dennis et al., 2010). MOrge measurement site was a flat, 200 ha agricultural field
recently, implementation of a bi-directional framework for . Lillington, North Carolina, USA (32235.7' lat.
NHs air-surface exchange in the Community Multi-scale Air _goxg 45 17 Ic;ng. 45m elev.).,SoiIs were primarily fi’ne

Quality Model (CMAQ) (Bash et al., 2012) provides a basis ganqy joam (Exum series) with a texture of 21 %, 68 %,

for simulating fertilizer emissions in a process-oriented mode 4 11 o4 sand, silt, and clay, respectively, and a bulk den-

by incorporating the Environmental Policy Integrated Cli- sity of 1.42gcnm3 over 0-10cm depth. The entire field
mate (EPIC) crop model, which includes soil biogeochem-,, o planted in cornZea mays Pioneer varieties 31G66

istry (Cooter etal., 2010). . o and 31P41, density of 70000 plants hat) and fertilized
Calculation of soil emissions within the bi-directional ity 20 kgNhal ammonium polyphosphate (injected) over
flux framework implemented in CMAQ increases the tem- 4 period of 6 days from 18 April 2007 (DOY 108) to
poral resolution of emissions and simulates the net soil—q April 2007 (DOY 113), starting at the northern perime-
canopy-atmosphere exchange in a mechanistically represegs; of the field and ending at the southern perimeter. The
tative manner. Representation of the air—surface exchangga|q was fertilized again over the course of 5 days from
process in a resistance-based two-layer compensation poiRig May 2007 (DOY 145) to 29 May 2007 (DOY 149)
framework (Nemitz et al., 2001; Cooter et al., 2010) ac- again from the north to south, with 134 kgNHasurface

counts for the competing processes of emission from they,jieq yrea ammonium nitrate solution (UAN) containing
soil and uptake or emission by the leaf cuticle and stomatay rease inhibitor (Agrotal). Fertilizer was drip applied

which collectively produce the net exchange of \NMth the  «giqe_gressed”) to the soil surface adjacent to the plants. The
atmosphere. Accurate simulation of the complexities 'ntro'canopy reached a peak leaf area index (LAI, single-sided)
duced by the bi-directional nature of NHluxes is particu- ¢ 5 91 0.6 n2m—2 and a maximum canopy heighiid) of

!arly important for agricultural .sys_t.ems in which the qverly— 2.2m near 15 July 2007 (DOY 196) and had fully senesced
ing canopy may recapture a significant fraction of soil emis-py 21 August 2007 (DOY 233). Measurements presented in

sions, thereby regulating the net canopy-scale flux (Harpegp;g paper cover the period 22 May 2007 (DOY 142) to 2 Au-
et al., 2000; Nemitz et al., 2000; Denmead et al., 2008; Basfbust 2007 (DOY 214).

etal., 2010). While this modeling approach represents a clear
improvement over the temporally allocated fertilizer inven-
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2.2 Ammonia concentrations and fluxes concentration gradients were measured with duplicate dry
annular denuders (URG Corp., Chapel Hill, NC, USA) at
Above-canopy NH fluxes were calculated using the modi- ; — 1.7m and 10 m. Two-hour samples were collected four
fied Bowen ratio (MBR) method (Meyers et al., 1996). The times each day beginning at approximately 08:00, 10:00,
MBR method assumes that the turbulent diffusivity of NH 12:00, and 14:00 EDT. Glass impactors with cut-points of

is similar to the turbulent diffusivity of heat such that 2.5um aerodynamic diameter were used to remove parti-
= TN _ cles from the air sample stream. Mass-flow controllers (Aal-

ﬁAC 7 /C(Zl) C(z2) . .
MNH; =w'T'—= =w'T 1) borg, Orangeburg, NY, USA) maintained sample flow rates

AT T(z) —T(z2) at 20 Lmir . Methods for annular denuder preparation and
where Fyp, is the air-canopy flux of Nkl w'T’ is the  extraction were based on US EPA Compendium Method
kinematic heat flux, and\C and AT are co-located mean 10 4.2 (US EPA, 1997). Annular denuders were coated
NH3 concentration and air temperature differences betweenvith a 1% phosphorous acid solution and extracted with
heightsz1 andzz above the canopy. The ratio of the heat flux ~ 10 mL of 18 M2 deionized water. Denuder extracts were
to the temperature gradient is also known as the eddy difanalyzed by ion chromatography (Metrohm, Riverview, FL,
fusivity for heat. The vertical Nkl gradient was measured USA) with a lower detection limit of 0.1 mgt!. Platinum
with a continuous flow “AMANDA’ (Ammonia Measure- resistance thermometers (Thermometrics Corp., Northridge,
ment by ANnular Denuder sampling with online Analysis; CA, USA) in aspirated radiation shields (Met One, Grants
Wyers et al., 1993) wet denuder system. Gaseous Wb Pass, OR, USA) measured air temperature adjacent to de-
collected from the sample airstream (30 Lmipin a wet-  nuder inlets at 0.1 Hz. A sonic anemometer (Model 81000V,
ted continuous-flow annular denuder using a stripping soR. M. Young) was placed at the upper height (10 m) to mea-
lution of 3.6 mM NaHSQ. The aqueous Nflconcentra-  sure kinematic heat fluxes from 10 Hz wind speed and tem-
tion was determined by an online detector based on a seperature data. Fluxes and temperature profiles were reported
lective ion membrane and conductivity analysis (detectionas 30-min averages.
limit ~0.02 pg NH m~3) by sequentially sampling each de-  In addition to above-canopy fluxes, an experiment was
nuder. In theory, this approach does not suffer from aerosotonducted in July, targeting peak leaf area, to examine
interference and because the denuders are located at the &t-canopy source/sink characteristics (Bash et al., 2010).
mospheric sampling point and employ a short (30 émiy In-canopy NH concentrations were measured using dupli-
2.54cm (0.D.)) Teflon inlet, sampling artifacts related to in- cate phosphorous acid coated annular denuders (URG Corp.)
let surface losses are minimized. Fluxes were calculated usnounted at 0.1, 0.3, 0.95, 1.5, and 2.25ma.g.l., which were
ing 30-min averaged concentrations measured between theampled for approximately 2h each at an air flow rate of
lower and upper inlets, which increased in height from 0.320 Lmin~1. Canopy height at the location of the profile
to 2.5m and 2.2 to 4.4 m, respectively, during the coursemeasurements increased from 2.0 to 2.2m during the in-
of the experiment. The instrument was calibrated approxi-canopy experiment. Denuder preparation and extraction also
mately bi-weekly using liquid NEﬂ standards of 0, 50 and followed US EPA Compendium Method 10 4.2 (US EPA,
500 ppb (RICCA, Arlington, TX, USA), and systematic off- 1997). After sampling, denuders were extracted with 2.5 mL
sets between denuders were corrected by periodic collocadeionized water and analyzed for Ijll—by ion chromatog-
tion of the denuder sampling boxes. An R. M. Young (Model raphy (model DX120, Dionex Corporation, Sunnyvale, CA,
81000V, Traverse City, MI, USA) sonic anemometer was USA). An ATI 3-D sonic anemometer (model SATI-3V, Ap-
positioned at; = 3.5m to measure wind speed and direc- plied Technologies, Inc., Longmont, CO, USA) was mounted
tion, kinematic heat flux, and momentum flux. Processingon a height-adjustable bracket to measure wind speed and
of 10 Hz sonic data included spike removal, 30-min detrend-momentum fluxes within the canopy, and an R. M. Young
ing and 2-D coordinate rotation prior to calculation of 30- sonic anemometer (Model 81000V) was located just above
min averages. Data from the additional sonic anemometerghe top of the canopy. Soil and foliage fluxes were estimated
referenced below were processed in the same manner. Afrom NH3z concentration and turbulence profiles using an an-
temperature was measured adjacent to each AMANDA samalytical first-order closure model (Bash et al., 2010).
ple inlet using fine wire copper-constantan thermocouples Finally, 12-h integrated Nkl concentrations were mea-
(OMEGA Engineering, Inc., Stamford, CT, USA). Fluxes sured by annular denuder (URG Corp.) from DOY 142 to
and temperature profiles were reported as 30-min averagef0OY 214 from on top of the mobile laboratory (4 m above
The AMANDA Bowen ratio system was operational from the ground), which was approximately 30m east of the
DOY 142 to DOY 214 and is treated as the primary flux AMANDA Bowen ratio system. Denuder protocols followed
dataset in this analysis. those of the in-canopy measurements, with the exception that

A second Bowen ratio system, operated for a shorter peair was sampled at a flow rate of 10 L mihthrough a Teflon-
riod of time (DOY 193-201), consisted of independent tem-coated cyclone (URG Corp.) with an aerodynamic cut-point
perature and NEl gradients measured from a tower ap- of 2.5pum.
proximately 10 m west of the AMANDA tower. Ammonia
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2.3 Foliage, leaf water and soil measurements analysis of dissolved ions, including potassiunt jkmagne-
sium (Mc?t), and calcium (C#&"), by chromatography. The
Single-sided leaf area index (LAI) was measured approxi-experiment was conducted between 10:00 and 13:00.
mately bi-weekly by destructive (prior to canopy closure) Soil samples were collected approximately weekly at
and optical methods (LICOR Model LAI-2000, LICOR 12 locations within 100m of the NHflux measurement
Biosciences, Lincoln, NE, USA) along with plant height. tower: 6 locations to the north and south of the tower, re-
Stomatal resistance was measured by leaf cuvette on threspectively. At each location, three soil samples (0 to 5cm
occasions corresponding to LAI values of 0.25, 1.0, anddepth) were taken at the mid-point and sides of the plant-
2.9 (peak) Mm—2 (LICOR Model LI6400 photosynthesis ing row (i.e., adjacent to plants). Samples were compos-
system). Measurements were taken on shaded and sunited and subsamples were analyzed for,N#O3, H and
leaves over a range of photosynthetically active radiationmoisture. A 5-g subsample of field moist soil was extracted
(300-1800 pmolm?s~1). Canopy wetness was quantified within 1 h of collection in 25 mL of 1M KCI. Extracts were
by leaf wetness sensors (Campbell Scientific Model 237 wetfrozen and later analyzed for l\jHand NG by colorime-
ness sensing grid) positioned below and at the midpoint otry (Lachat QuickChem Model 8000 Flow-Injection Autoan-
the canopy, which provided 30-min data. On three occasionslyzer, Lachat Instruments, Loveland, CO, USA). Soil pH
after canopy closure, leaf wetness (gHn—2) was quanti- was measured within 1h of sample collection in a51
fied by destructively sampling leaves from the lower, middle, soil : deionized water mixture. Gravimetric soil moisture was
and upper canopy from sunrise until the canopy was dry asletermined by weight loss after heating 10 g of soil for 48 h
confirmed by visual observation of the absence of dropletsat 60°C. Particle size fraction and bulk density were also de-
Wetness was calculated as the difference in water mass beermined at 0-10, 10—20, and 20—-30 cm layers using standard
tween wet and dried leaves normalized for leaf area. methods. Soil volumetric water was measured continuously
Leaf apoplast NE{I and H" concentrations were measured at 10 cm and 20 cm depth using water content reflectometers
approximately biweekly using the vacuum infiltration tech- (Model CS615, Campbell Scientific, Logan, UT, USA). Soil
nique of Husted and Schjoerring (1995). Leaf samples werdemperature averaged over 4—8 cm depth was measured con-
taken from the upper canopy during late morning, after thetinuously using chromel-constantan thermocouples (Camp-
canopy had dried, and extracts were composited until suffi-bell Scientific).
cient volume was collected for pH and Ijll-dmalyses. Dupli- H* and NI-Qr concentrations in the soil solution, leaf
cate composite samples were analyzed, typically consistingpoplast, and leaf surface water were used to calculate re-
of 5mL of sample in eachw{ 50 g fresh vegetation). Dilution spective NH compensation points( according to
of the apoplast during extraction was quantified by extracting
leaves with indigo carmine and measuring the difference in_ 161500ex 10380\ [NH}1] @
absorbance at 610 nm (Ocean Optics Model USB2000 spec)-( T P [Ht]
trometer, Dunedin, FL, USA) between the infiltrate and ex-
tracted sample. A 1 mL subsample was analyzed immediwhereT is soil or air temperature in kelvin andH NH
ately for pH using a PHR-146 microelectrode (Lazar Re-and x concentrations are in moH! (Nemitz et al., 2000).
search Laboratories, Inc., Los Angeles, CA, USA). The re-x is subsequently converted to units of ugiNh3. Plants
maining sample was then analyzed in duplicate forj{l\tb*y may act as a source or sink for NHlepending on the differ-
ion chromatography (Dionex Model DX-120). ence between the atmospheric concentration and the gaseous
Leaf surface water consisting of dew and guttation concentration in the leaf substomatal cavity. The gaseous
droplets was collected on several occasions by direct syringeoncentration in the leaf substomatal cavity is known as the
sampling and analyzed for pH and lJHising the methods ~ stomatal compensation point (Farquhar et al., 1980). Emis-
described above. An artificial leaf droplet experiment wassion occurs if the mole fraction of NgHin the atmosphere
conducted on DOY 217 (LA4 1.8 m?m~2) in which deion- is lower than the stomatal compensation point, while uptake
ized water adjusted to a pH of 4.2 by addition of phospho-(deposition) occurs when the mole fraction of Nkh the
rous acid was added to leaf surfaces as small droplets and retmosphere is higher than the stomatal compensation point.
collected over a period of 5-35 min as a time series. The ini-Compensation points for soil and leaf surface water can be
tial pH of 4.2 is consistent with the chemistry of local rainfall similarly calculated from measured IS[Hand H" concentra-
(National Atmospheric Deposition Program/National Trendstions. The ratio of Nlj to HT concentration in Eq. (2) is
Network, 2012). At the beginning of the experiment, approx-termed the emission potentidl), which is unitless and tem-
imately 50 mL of solution was quickly distributed via sy- perature independent.
ringe among 20 green sunlit leaves selected randomly within
a 10 mx 10 m section of the canopy. At each time interval,
approximately 2 mL of the solution was retrieved from ran-
dom locations. Aliquots of the composite sample at each time
step were analyzed immediately for pH and frozen for later

T
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3 Results and discussion C (ng NH, m?)
3.1 Data processing 0_90'1 ! i 190
Relative to the time-integrated manual denuder measure- DE| e 0E AAEKRuR
ments, the AMANDA dataset is more complete with respect m; 0.7 ——
to temporal coverage and resolution and therefore is used a: = 06
the primary dataset in the proceeding analysis of data quality =
and flux processes. 2 98
Itis well known that the modified Bowen ratio technique is 6 04 ]
most uncertain under conditions of weak gradients and fluxes o5
from which the eddy diffusivity is derived, particularly dur-
ing periods of rapid stability transition such as evening and 0-21 A AN AN R TR "
early morning. In the present study, eddy diffusivities were ‘ ' ' ' ' ' ' '
derived from the kinematic heat flux and temperature gradi- 10914(C)

ents. When both are near zero, the direction of the heat flux  0.0045
and temperature gradient may be opposite in sign, yielding 0.0040 | O 0.984*10° + 0.030(abs(wT))
a negative eddy diffusivity. Periods of negative eddy diffusiv-
ity account for~ 18 % of the total number of Nfigradient o
measurements\( = 2294), leaving a total of 1870 flux mea- 209301
surement periods for analysis. These remaining data were g 0.0025 -
flagged according to a set of micrometeorological criteria to Tg 0.0020 -
identify periods when the fluxes were subject to greater un- °© 0.0015
certainty due to limitations of the micrometeorological as-
sumptions underlying the gradient method and fetch consid- B .
erations. To indicate periods of limited turbulent mixing, data 0.0005
were flagged for wind speegh) < 0.5ms™1, which corre-
sponds to 22 % of observations. As mentioned above, stabil- wT (ms™ K)
ity transition in the morning and afternoon is characterized
by low kinematic heat fluxes and small temperature gradi- Fig. 1. Summary of relationships used to derive precision estimates
ents. These periods were identified as having an ObukhO\(})f AMANDA NH 3 gradient ) and kinematic heat ﬂu:t( )
length | L |< 0.2m, which corresponds to 9% of observa- measurements from which the uncertainty of the mOdIerd Bowen
tions. Using the footprint model of Hsieh et al. (2000), fluxes ratio NHs flux was Cal?umed In th.e top graph, upper and lower
. . . x-axes represent Ngair concentration and log-transformed con-

were flagged |f.the corn field contrlbute_}dSO% C,)f the qu.x centration, respectively. In the lower graph, the x-axis represents
at the upper height of the Ntoncentration gradient. OWing e kinematic heat flux. Symbols represent bin-wise average values,
to the large size of the field, only another 8 % of observationsang error bars represest. standard deviation of.
failed this requirement after filtering fdr. Periods in which
the sampling tower fell within the aerodynamic footprint of
the on-site mobile laboratory (wind direction =85<=pand gradient detection limit was quantified as outlined by Wolff
when winds approached the sampling tower from the oppo-et al. (2010) based on the precision of the air concentration
site side of the sample inlets (wind direction =35%-Were  measured during periods in which the denuder sample boxes
also flagged. These periods of potential flow obstruction col-were collocated (i.e., cosampling periods). The residuals of
lectively accounted for 3 % of observations. an orthogonal linear regression of the concentrations mea-

Accounting for periods of instrument maintenance andsured by the two sample boxes represent random error in the
malfunction, as well as negative eddy diffusivities, flux data air concentration. The standard deviation of the residuals pro-
coverage between DOY 142 and 214 is 54 %. Of these obvides a measure of the total precision of the concentration
servations, 70 % meet the meteorological criteria describedyradient &a¢), which is a measure of the gradient detection
above. Flagged data denote periods of greater uncertainty ilimit (Wolff et al., 2010). To examine the relationship be-

0.0035 -

0.00 002 0.04 006 008 010 012 0.14

the fluxes but were included in the following analyses. tweenoac and air concentration, the observations were or-
dered by air concentratio’(= pg NHsm—3) and segregated
3.2 Gradient detection limit and flux uncertainty into 5 bins of N = 45 observations, from whichix - was cal-

culated. As illustrated in Fig. iac increases linearly with
The quality of the fluxes was further assessed by estimatthe log-transformed air concentration. The resulting function
ing the percentage of observations above the operational graf oac versusC was used to predict the gradient detection
dient detection limit and total uncertainty in the flux. The limit for each flux observation. Using this approach, 70 %

www.biogeosciences.net/10/981/2013/ Biogeosciences, 10,983 2013
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(N =1292) of the observed 30-min average gradients from 120
which the flux was determined were above the gradient de-
tection limit.

Uncertainty in the flux¢r) was quantified as the combi-
nation of uncertainty in the concentration gradiernt{) and
eddy diffusivity for sensible heatf, ) following Gaussian
error propagation (Walker et al., 2006):

Z‘f | b

0

NH, flux uncertainty (%)

oF Z\/(UKh'AC)2+(UAc'Kh)2- )

Uncertainty in the concentration gradient was determined Ba e e 1°H12 AL
our

as described above, and uncertainty in the eddy diffusivity
(Kn) was determined from the uncertainty in the temperaturerig. 2. Hourly median uncertainty of the modified Bowen ratio flux

gradient A7) and the kinematic heat flux{77): measured with the AMANDA. Error bars represent the interquartile
range.
— 2
o2, (W) oar
— w
OKn = ( AT ) (AT)? ' (4) samples from the in-canopy profile systemy§) and 2-h

samples from the second Bowen ratio systddgg>). Pre-
For consistencygar and o7 were determined using cision of theD\c and Dgr2 systems, determined as the me-

the orthogonal least squares regression procedure describ@fn relative percent difference of duplicate measurements,

above.o—= was derived from collocated measurements of Vas 4.6% V =45) and 11.6 %N = 30), respectively. Pre-

L X 0
w’T’ in which duplicate R.M. Young sonic anemometers ;'g(')ozr)] of theDs integrated samples is5 % (Robarge etal,

were vertically matched in height and separated horizontally Prior to comparison, concentrations were normalized us-

by approximately 0.5m. To assess the potential relationship . . . . .
between the precision and magnitude of the heat flux, ap'"9 the linearized vertical concentration gradienf'(dInz)

solute values ofw’7’ were ordered and segregated into St;; a(ilé';t ]::rzsgfetrﬁgcp\ea'&nl\lg‘:asrl;ﬁrgrin\sv;]:'ﬂ;z’ ;z:etge
bins of N = 30 observations. The linear relationship betweenfoizthe Dp hei ,ht For theD c%m arison. the cgncen-
the mean and standard deviation of the bin-wise heat ﬂuxe%ration ofltzhe Iog\]/ve.r AMANDAI\Cdenuo‘I)er was, compared di-
(Fig. 1) was then used to prediet 7 for eachw’T" ob- P

servation in the NH flux dataset. Similarlyor; was de- rectly to the uppermost denuder in the canopy profile system.

rived from collocated duplicate thermocouple measurement{™ANDA and Dggrz were compared by normalizing both

i 1 0, -
of air temperatureX(). oa7 did not exhibit a dependence on g:aasileor;tiﬁ AlNT) AD(?(E?/:?(Z t?oernafllti?/r:: f(()arri?)?j {;’fc(;);ﬂlgs
T; therefore, the overall standard deviation of the orthogo—Sam in ielding 112 ogservatio%s forpcom arison. Lin-
nal least squares residualsp¢ = 0.024K, N = 104) was ping. y g 1= P '

. . . . ear regression analysis of AMANDA versus manual denuder
used in the flux uncertainty calculation (Eq. 4). Following

this approach, the median error of the flux (i.e5 (F) - 100) fggﬁ er:]t(;?]t_lgniéi 'gr'] t3f)’ %eédﬁd.ri:rlgget ?)ff O(.)9$9andneT135tatls-
is 43 % considering only chemical gradients that are abov%dicétin (')%d' IoveraII g réerr|1ent bgtwe;n .metm%ds ’Scat—
the detection limit. Uncertainty is greatest at night Whenter in thegdgta is attributec?tos atial variability in emiss.ions
the heat flux and temperature gradient are small (Fig. 2). . X y L

. : : . which would make agreement between methods sensitive to
During these periods, the median hourly uncertainty range

from 65—85 %. Hourly median uncertainty is lowest between??(.mzqmal and yertlcal _separa_non, particularly followm.g fer-
tilization or periods during which the flux changed rapidly.

09:00 and 14:00 (25-30%) when fluxes of heat ancsNH Comparison of AMANDA versus manual denuder fluxes

are large. Median uncertainty for all fluxes, including chem-. ~™ . : .
ical gradient below detection limit, is 59 %. However, this is limited to only 13 periods during which AMANDA cov-

: : . erage was complete. Given the difficulties inherent in mea-
number represents periods of large uncertainty at night cor-" ™ L

. . ; suring NH; fluxes and large natural variability in the data,
responding to fluxes near zero. Median uncertainty of all day-

. : . such a limited dataset precludes rigorous comparison. How-
time fluxes only, which captures the majority 00 %) of the 5 1
total daily flux, is 46 %. ever, mean fluxes were 64.0 and 67.0 nggdit=s~ for the

AMANDA and manual denuder systems, respectively. Us-

3.3 Comparison of measurement techniques ing the nonparametric Wilcoxon rank sums test, the means
are not significantly different at the 10 % level, suggesting

AMANDA air concentrations were compared to manual de- that on average large systematic differences between the two

nuder measurements comprising three sets of data: 12-fechniques are not expected.

(D12) integrated samples collected at a single height, 2-3 h
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Fig. 4. Daily mean and median Nifluxes along with equivalent

% N loss of applied fertilizeA); daily average soil temperature
averaged over 4—-8 cm depth, soil volumetric water at 10 cm depth,
and rainfall(B); and single-sided leaf area index (LAI) and soil ex-
) ] ) tractable NI—I concentrations (0-5 cm depit@}). Error bars in bot-
Cumulative fluxes (Fig. 4a) were calculated over a period Ofiom graph represent1 standard deviation of the mean. DOY rep-
approximately 10 weeks from the point of UAN fertilization resents the Julian day of the year.
(DOY 149) to DOY 214. To avoid biasing the results toward
hours of the day during which there are a higher number of
valid observations, which may occur if daily mean or medianurea+nBTPT owing to a lower % nitrogen associated with
fluxes are used, cumulative fluxes were calculated from meanrea in UAN. In field trials on tillage soils, NHvolatiliza-
and median diurnal flux profiles. To capture the general tem+tion from surface applied UAN +nBTPT was 44 % lower,
poral features of the flux following fertilization, diurnal pro- on average, than volatilization from UAN only (Chadwick
files were summarized by four periods (Fig. 4a): DOY 149 et al., 2005) over a period of 21 days after fertilization. Re-
to 161, DOY 162 to 172, DOY 173 to 180, and DOY 181 to ductions were slightly larger in laboratory experiments, av-
214. Using this approach, daily mean and mediaryRittkes ~ eraging 65 % across soil types, nBTPT concentration, and
yield cumulative total N losses of 8.3% and 6.1 %, respec-soil temperature (Watson et al., 2008), also over a 21 day
tively, of the 134 kgNha! surface applied as UAN. For ni- period. Reducing the 8 % emission factor assumed for UAN
trogen containing solutions, including surface applied UAN, solutions by 44 % and 65 % yields an expected range of per-
an NHs—N emission factor of 8 % has been used in recent UScent NH—N loss from UAN + nBTPT solutions of 5.3 % and
emission inventories (Geobes et al., 2003; ECETOC, 19942.8 %, respectively. Our estimates of 8.3 % (6.1 %) total loss
This value is consistent with the controlled experiments ofand 4.5% (3.4 %) at 21 days from fertilization derived from
Watson et al. (2008), which examined fractional Ml loss  daily mean(median) fluxes are consistent with this range of
(~ 8% averaged over all treatments) from UAN solutions in values. Note that the experiments of Watson et al. (2008) did
a variety of soil types at different temperatures. not account for the recapture of soil emissions by overlying
The urease inhibiting action of nBTPT, the active ingre- vegetation, which is in contrast to the net fluxes presented
dient in Agrotaif?, has been shown to reduce and delay here. Though LAI (Fig. 4c) was still relatively low(1.75)
NHj3 volatilization from urea in a number of field trials (Wat- at 21 days after fertilization, soil emissions were likely higher
son et al., 1994; Rawluk et al., 2001). Ndmissions from than the net canopy-scale emissions from which % N loss
UAN +nBTPT have been studied less extensively. Howeverwas calculated.
field (Chadwick et al., 2005) and laboratory (Watson et al., The majority of the cumulative flux occurred in two dis-
2008) experiments indicate reduced and delayed emissiontinct periods (Fig. 4a). Fluxes increased immediately upon
relative to UAN solutions without nBTPT, though % re- the completion of fertilization (DOY 149) and remained el-
duction of NH; volatilization is lower than observed for evated for a period of several days. A decrease in emissions

3.4 Fluxes
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during the second week after fertilization was followed by 1983), while the resistance to transfer of Nblas through
a second period of increased emissions beginning in the thiréhe soil profile decreases (Moldrup et al., 1999). In combi-
week after fertilization and lasting for approximately one nation, these processes yield a positive correlation between
week. We primarily attribute this temporal pattern to fer- soil moisture and Ngiflux, though their relative importance
tilizer characteristics. The emission pulse immediately fol- changes with time after fertilization as the effectiveness of
lowing fertilization is likely primarily associated with the the urease inhibitor decreases. Interpretation of the correla-
NHj,rr fraction of the UAN fertilizer. The highest daily median tion between soil moisture and NK¢mission during this pe-
fluxes were observed following the first post-fertilization riod is therefore not straightforward.
rainfall (DOY 153/154). Emissions decreased dramatically At the diurnal timescale, maximum hourly average fluxes
as soil temperatures decreased in response to the passageobf~700ngNnT2s~1 occurred near mid-day, coincident
a cold front on DOY 160 after which overcast skies persistedwith the daily maximum in friction velocity «,, Fig. 5).
for a period of several days. The second period of elevated.inear correlation with friction velocity explains 31 % of
emission (DOY 172-180) developed as the soil warmed forthe variability in log-transformed half-hourly fluxes, which
several days following a light rainfall on DOY 162 (Fig. 4b). are also positively correlated with air temperature and soil
This delayed second emission pulse likely reflects the uretemperature after accounting for their respective collinear-
ase inhibiting properties of the nBTPT (Agrotain), which has ity with friction velocity. Correlation with air temperature
been shown to delay hydrolysis of urea for up to 3 weeks inexplains more of the flux variability (11 %) than soil tem-
some soils (Giaocchini et al., 2002). perature (6 %), suggesting that the Ngburce is very near
The observed temporal pattern of emissions is to somehe soil surface during this period. Friction velocity and tem-
extent supported by the corresponding pattern of soil experature are linked through the compensation point. Large
tractable NI-I (0-5cm depth) concentrations (Fig. 4c). As u, flushes NH out of the canopy, promoting more emission
expected, soll Nlji concentrations were highest immedi- resulting from the compensation point, and higher temper-
ately following fertilization (DOY 149). The rainfall on atures correspond to higher compensation points. While in-
DOY 153/154 likely moved some fraction of the fertilizer cluding interaction terms for, and temperature in the re-
downward into the soil profile, potentially suppressing emis-gression procedure should control for most of this collinear-
sion during the first week following fertilization relative to ity, in reality the total flux variability may be more evenly
what would have been observed in the absence of rairj NH partitioned between these two variables. Soil volumetric wa-
concentrations (0-5cm) were much lower a week after fer-ter does not explain a statistically significant fraction of the
tilization and increased over the next two weeks before gradvariability in half-hourly fluxes.
ually decreasing over the remainder of the growing season. Ammonia air concentrations are generally higher at night
The apparent increase in Ijl-between DOY 154 and 168 when the boundary layer is shallow, though concentrations
may reflect the conversion of urea to [fildnd the decreasing  increase rapidly in the morning with the post-sunrise increase
efficiency of the urease inhibitor with time, which in combi- in the momentum flux. This spike in concentration, which
nation with warming of the soil stimulated the second periodis accompanied by an emission pulse, likely represents the
of emissions. upward mixing of NH that accumulates near the ground
To examine the temporal variability of fluxes in more de- (i-€., below the lowest Ngimeasurement height) under calm
tail, data were divided into two periods. The first period Nighttime conditions (Bash et al., 2010) and emissions from
includes DOY 149-180 (period A), during which the ef- drying moisture on the soil surface. This period of elevated
fects of fertilization are distinct. The second period coversconcentration in the morning coincides with the drying of the
DOY 181-213 (period B), during which the canopy reachedsurface and rapid decline in relative humidity (RH) (Fig. 5).
maximum LAI (Fig. 4c) and the effects of fertilization on The latter point is discussed in more detail below.
the canopy-scale flux had diminished. Fluxes from both pe- During period B, 5to 10 weeks after fertilization, net emis-
riods are summarized in Table 1 along with soil, vegetation,sion was still observed though mid-day peak fluxes had de-
and meteorological measurements. During period A, 53 % ofclined to~125ngNnT2s™* and day-to-day variability of
the variability in daily median fluxes is explained by a lin- the net canopy-scale flux was not as well correlated with soil
ear combination of soil temperature (38 %) and volumetrictemperature or soil moisture. At the diurnal timescale, fluxes
water (15%) at the 10 cm soil depth. Fluxes are positivelyWwere again larger during the day when friction velocity was
correlated with both variables. Consistent with other stud-high. A prominent feature of the diurnal pattern is a peak
ies, fluxes tended to increase exponentially with temperaturdn the NHs air concentration and emission flux at approxi-
(Roe”e and Aneja’ 2002)’ which results from the tempera_mately 09:00. This period coincides with surface Iayer mix-
ture dependence of the gas/aqueous partitioning of MH  ing after sunrise as wind speed and friction velocity increased
the soil pore water (Dawson, 1977) through Henry’s law. Theas Well as drying of the surface (Fig. 5). This pattern likely
rate of urea hydrolysis and subsequent production of NH results from a combination of venting of the canopy and re-

increases with increasing soil moisture (Vlek and Carter,lease of NH from moisture that accumulates overnight at
the soil surface (e.g., Sutton et al., 1998). This process and
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Table 1. Summary of NH fluxes (ngnT2s~1), NH3 concentration atz — d) = 1m ([NHg], pgm~3), canopy temperaturdg, °C), soil
temperature averaged over 4-8 cm deffth,i(, °C), wind speed at =3.5m U, ms1), soil volumetric water at 10 cm depth $By/,
cmd cm*?’), NH:,'r concentration in the leaf apoplast solution (F)g], leaf surface water (Nﬁi)d, and soil pore water (ij)so” (UM), along
with pH and emission potential’(= NHI/HJF) of the corresponding media.

Mean Median S.D. Max. Min. N
Air NH 3 Flux 339.2 147.8 601.7 6906 —42.5 1051
[NH3] 10.3 8.4 7.2 61.2 1.3 1051
U 1.3 1.1 0.9 5.7 0 1523
Vegetation T 24.6 23.9 55 44.7 13.7 1394
(NHD)s 78.6 69.9 43.2 158.0 26.9 8
pHs 6.35 6.40 0.14 6.50 6.10 8
T's 184.5 153.5 130.1 451.9 76.5 8
Period A (DOY 149-180) (NH)g 52.9 53.9 4.9 58.9 45.6 5
pHy 7.6 7.9 0.7 8.1 6.6 5
I'q 3768.3 4565.0 3058.6 6749.5 45.6 5
Soil Tsoil 27.3 26.7 4 385 19.4 1536
HoOy0l 0.2 0.18 0.06 0.45 0.13 1530
(NH)soi 54609.1 31689.7 76487.6  454454.3 868.4 60
PHsoil 6.41 6.43 0.58 7.91 5.14 60
Tsoil 219291.0 510353 446089.4 2523893.0 2288.4 60
Air NH 3 Flux 61.4 10.2 185.5 3125.4 —230.4 725
[NH3] 2.2 1.7 1.7 18.3 03 725
U 1 0.8 0.7 4.6 0 1384
Vegetation T¢ 25.3 25.1 5.1 43.1 13.1 1251
(NH;)s 119.2 91.1 89.1 367.7 40.0 17
pHs 6.10 6.16 0.21 6.38 5.71 17
s 148.3 139.4 93.4 401.9 33.2 17
Period B (DOY 181-213) (NH; g 35.6 34.4 35.9 166.1 0.6 29
pHy 8.02 8.05 0.44 8.67 7.36 22
Iy 5001.0 4516.5 4924.4 19911.7 141.2 22
Soil Tsoil 26.4 26.2 2.4 34.2 212 1522
H2Oyol 0.2 0.17 0.08 0.54 0.12 1522
(NH})soil 34735.8397 3373.847 7427776  263061.7 462.387 23
PHsoil 6.56 6.57 0.62 7.68 5.50 24
Tsoil 111922.8 14722.7 210607.0 770670.3 179.9 23

the variability of the fluxes during period B are further ex- until the onset of senescence, then decreasing slightly. The
plored below through an examination of the in-canopysNH net effect was a relatively constant apoplast emission po-

source/sink characteristics and soil/vegetation chemistry.

3.5 Vegetation and soil emission potentials

3.5.1 Leafapoplast

+
NH,

NHZr

tential s = NH;{/H*) though mean and medidrs were

slightly higher during period A, after fertilization, compared

to period B (Table 1). In general, the emission potential of
the leaf apoplast was much lower than the soil pore or leaf
surface water (Table 1). Over the typical range of daytime

temperatures (25-3%), the overall mediais (146) corre-

Eponds to stomatal compensation pointg (n the range of
concentrations decreased gradually after fertilization; 4 ugNHm-3 (Fig. 7).

until the onset of senescence POY 200) at which time The range of measured apopl&stvalues (33-452) over-

concentrations increased to levels observed just aftef,,q yith the cuvette measurements of Farquhar et al. (1980)

fertilization. While apoplast extractions were performed only for corn, but observations from this study are lower than
on green leaves during the senescing period, it is possibl@ne averagd’s

that the chemistry of the apoplast solution was influenced t

some extent by cellular breakdown. Results during this Pe€5ad et al. (2010) point out that extraction techniques, such

riod should therefore be interpreted cautiously. Apoplast PH, g employed in this study, generally yield lower estimates of

exhibited the opposite pattern, increasing after fertilization

www.biogeosciences.net/10/981/2013/
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Fig. 5. Mean hourly NH flux, NH3 air concentration atz — d) = 1 m, friction velocity ), soil temperature averaged over 4—-8 cm depth,
relative humidity (RH), and leaf wetness for Periods A and B. Leaf wetness represents the fraction of the hourly period during which the leaf
wetness sensor indicated that moisture was present. Error bars représsandard deviation of the mean.

I's compared to gas exchange approaches, possibly as a rkeaf surface. While consistent temporal trends in dissolved
sult of regulation of H and NI—[{ post-collection of the leaf ions were not clear from this limited dataset, general in-
material and during extraction or because gas exchange isreases in K, Mg?" and C&" were observed, with very
dominated by localized hotspots. Differences between ouhigh concentrations of K noted in a few samples (Table 2).
results and those of Farquhar et al. (1980) and Harper and@he high concentrations of these base cations suggest two
Sharpe (1995) may also be related to fertilizer amount ancpossible mechanisms responsible for the high observed pH,

plant growth stage. the first being H exchange. As explained by Mecklenburg
et al. (1966), water in dew and guttation dissolves;@Om
3.5.2 Leaf surface water the atmosphere to form carbonic acid, which then dissoci-

ates, releasing H These protons are exchanged with base

hibited mean and mediafy of 4327 and 4502, respectively. {© form alkaline carbonates, which may remain in solution or
NHI concentrations were approximately a factor of 2 lower precipitate back to the cuticle surface. Second, solubilization
on average than concentrations measured in the leaf apopla§tf Pre-existing alkaline particles, from sources such as soil,
ranging from 0.6 to 166 uM. The much higher emission po-°N the cuticle would also increase the pH (Hutchinson et al.,
tential relative to the apoplast was instead a result of highet986). This process is very likely, given that the system is
pH, which ranged from 6.6 to 8.7. The observation of high composed of a short canopy over tilled soil that was relatively
pH in natural dew and guttation was further explored in dry for extended periods of time during the growing sea-
a controlled experiment in which deionized water, adjustedSon- Furthermore, the presence of soil particles on the leaves
to a pH of 4.2 by addition of phosphorous acid, was addedVas visually observed, partlcgl_arly in the !ower canopy. Our
to green sunlit leaves as small droplets and re-collected ovefeéasurements were not sufficiently detailed to resolve pos-
a period of 5-35min as a time series. sible variations in pH with vertical position in the canopy,

The pH of the artificial leaf droplets increased rapidly and though a higher surface neutralizing capacity of leaves in
appeared to reach a maximum increase of 2 to 4 pH unitdhe lower canopy is expected given that rain is more likely
within 30 min; droplets applied to a clean surrogate surfacel® Cléan leaves in the upper canopy more completely. Inter-
maintained a constant pH (Fig. 8). Final pH values afteraction of other trace compounds with the water layers will
35min were slightly lower than natural dew droplets and further complicate the leaf water chemistry (Flechard et al.,
guttation but confirmed a large neutralizing capacity of the 1999; Burkhardt et al., 2009).
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. . Fig. 8. Time series of pH during controlled leaf droplet experiment.
Table 2.S fpH and b i trat L )
aole ummary of pH and base cation concentralions @b Black dots represent pH of droplets applied to leaves, and open

measured during controlled leaf droplet experiments. S.D. repre-S ares represent bH of droplets applied to clean Teflon surface
sents standard deviation, aNdepresents number of samples. qu P P P pp u '

Droplets of pH 4.2 consisting of deionized water and phosphorous
acid were applied at= 0.

Mean Median S.D. Max. Min. N

pH 6.83 6.79 0.83 834 570 12
K+ 23074 2150 46852 135950 530 12  yegetation characteristics but also the chemical characteris-
Mg?t 2360 2200 1499 5300 160 12 tics of dry deposition to leaf and needle surfaces. High pH
C&t 3340 2450 2593 9250 40 12 corresponds to a high emission potential, with produc-
ing compensation points for leaf surface watgg)(of 10
to 30 ugNHm~2 over the range of typical observed night-
High neutralizing capacity of leaf surface droplets has alsotime temperatures (18—-28, Fig. 7). As described in the
been observed for leaves of other crops (Hutchinson et alfollowing section, NH concentrations within the vegetation
1986), particularly species with wettable leaf surfaces. How-canopy were highest immediately above the soil surface and
ever, the pH of leaf surface water on trees and grasses is typecreased exponentially with height. During the four peri-
ically lower, in the range of 3.5 to 6.5 (Hutchinson et al., ods in which in-canopy concentrations were measured at
1986; Burkhardt and Eiden, 1990; Burkhardt et al., 2009).night and under wet or partially wet canopy conditions in
In general, measurements of leaf droplet pH reported in thehe early morning, concentrations at 10cm above the soil
literature are highly variable, which results not only from were<10 pgNHm—2 (2.7 to 7.8), indicating that, late in the
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growing season, leaf wetness would not have played a larg€able 3. Summary of fluxes (ng Ngim—2s~1), NH3 concentra-
role in the recapture of soil emissions at night. tion atz —d =1m (ug nm3), exchange velocityWe, cms1), u,

To explore further the role of canopy wetness in the net(ms1), and soil volumetric water (S.V.W., chem~3) during wet
canopy-scale flux, nighttime fluxes were compared betweerand dry night-time conditions for periods A and B. Data were fil-
periods when the canopy was wet versus dry. At night, stom-ered to include only 0.0% u. < 0.2, which established approxi-
ata are closed and the leaf level exchange should therefor@ately equalu, between wetness categories, thereby essentially
be dominated by cuticular processes. To normalize the combormalizing the comparison for turbulence conditions. Data were
parison for turbulence conditions, data were filtered to in-2SC filtered to exclude days on which rain occurred. S.D. &nd

1 . represent standard deviation and number of observations, respec-
clude only 001 < u, < 0.2ms *, which produced approx- tively
imately equivalent mean, between the dry and wet peri- '
ods. Comparison of leaf-level processes also assumes that

. . . .. Period A Period B
differences between soil emissions are negligible. Because Dry  Wet | Dry Wet
soil emissions should be larger immediately following rain
events (i.e., high soil volumetric water content), data were Flux ~ Mean 829 1339 05 107

S.D. 122.8 2249 21.3 276

also filtered to exclude days on which rain occurred. As

shown in Table 3, net canopy-scale emissions at night were Median 365 366 09 19

larger when the canopy was wet, indicating that the wet- NH3 Mean 116 128 20 23
ting of the canopy, and the accompanying high pH of the S.D. 76 114 13 16
surface water, increased the cuticular resistance tg i+ Median 9.2 76| 16 17
take and reduced the capacity of the canopy to recapture soil Ve Mean 077 1.08 003 034
emissions. Because air concentrations were similar between sSD. 108 1.60 1.15 0.81
wetness categories, differences in fluxes translate into differ- Median  0.37  0.43| 0.05 0.11
ences in exchange velocitieBs(= flux/concentration), with

. S Us Mean 0.08 0.08] 0.07 0.06
higher exchange velocities observed when the canopy was SD. 005 004l 005 004

wet. Comparing periods, the percent difference between the
mean fluxes during dry versus wet periods is much larger

Median ~ 0.07  0.07| 0.05 0.05

during period B, later in the growing season, compared to S.VW  Mean 019 018 015 0.22
period A. This likely reflects the lower overall leaf surface S.D. 006  0.04/ 0.02 0.05
area during period A and higher in-canopy concentrations of Median 016 017/ 014 0.20
NH3 resulting from larger soil emissions, which may exceed N 170 118| 87 155

xd more frequently compared to period B. It is also possible,
however, that soil emissions were larger during period B wet
conditions due to higher soil volumetric water. During pe-
riod A, soil volumetric water content was similar during wet water represents the cuticular Niexchange characteristics
and dry canopy conditions (Table 3). Differences in canopy-of the entire canopy is unknown. It is possible that bulk sam-
scale fluxes are therefore not likely due to differences in soilpling does not resolve the spatial variability irt kand Nl—ﬁ
emissions. During period B, a difference in soil volumetric concentrations that also affect the net canopy-scale flux. Mi-
water between canopy wetness categories persists even afroscopic (invisible) leaf water layers control the cuticular
ter eliminating days on which rain occurred, with higher soil exchange at high RH when no visible leaf water is present,
volumetric water content corresponding to wet canopy peri-but their chemistry cannot be measured directly for compari-
ods. We can not rule out the possibility that the higher fluxesson. While our comparison of fluxes during wet and dry peri-
during wet canopy conditions were partly due to higher soil ods suggests that the bulk chemistry of the leaf surface water
emissions. is linked to the net canopy-scale flux, the representativeness
The relationship between leaf wethess and flux describeaf the bulk measurements with respect to overall cuticular
above differs from previous studies, in which leaf wetnessexchange characteristics is uncertain.
typically reduces the cuticular resistance to JNteposition In addition to the uncertainties described above, there are
(see review of Massad et al., 2010). The most notable contwo notable limitations of this assessment. Fitgtand u.,
trast to previous work is the very high pH of leaf surface are typically low at night in Eastern North Carolina during
droplets observed in the present study, with correspondinghe summer. The mean, values in Table 3 are 0.1ms1,
high I'y. Additional measurements are needed to assess theorresponding to conditions of small heat fluxes and temper-
extent to which our observations of high surface water pHature gradients under which the modified Bowen ratio tech-
are site specific (i.e., driven by soil particles persisting onnique becomes highly uncertain (Fig. 2). Second, the major-
leaf surfaces) rather than a general feature of corn plants (i.eity of the leaf droplet measurements were collected late in
driven by characteristics of transcuticular ion exchange). Furthe growing season (Fig. 6), which precludes a robust char-
thermore, the extent to which bulk sampling of leaf surfaceacterization of potential temporal variability of leaf surface
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water chemistry as the canopy grely was similar during 2.50 .
periods A and B (Table 1). 2.25 1 Canopy height
. 2.00 4 ~— Early morning, N=3
3.5.3 Saoil 1.75 1 --o-— Late morning, N = 6
R 1.50 —e— Afternoon, N =6
The soil pore solution exhibited mean and mediag; val- % 1.25

ues of 120000 and 15400, respectively, which is consistent = 1:00 ]

with the observations from fertilized soils compiled by Mas- ~ %7° |
sad et al. (2010). Over the range of observed soil tempera- %0 |
tures (20-40C), the mediar s; corresponds to soil com- g'gg

pensation pointsysoi) in the range of 60-500 pg N#h—3

(Fig. 7).T'soil Was considerably higher during period A com- 5
pared to period B (Table 1), reflecting the high concentra- NH; (ug m™)
tions of soil Nl-[f measured immediately after fertilization.

12 3 456 7 8 91011121314 151617 18

. R Fig. 9. In-canopy NH; concentration versus measurement height
Over the course of the growing season, variability g above the groundzf. Symbols represent the mean, and error bars

was pr'mar'ly drlvgn by variability in soil NE«L while §0|I representt1 standard deviation of the meay.represents number

pH remained relatively constant throughout the growing seays gpservations at each height. Lines connecting observations are
son. Soil NH; concentrations were highest immediately fol- included only as a visual aid. “Early morning” includes profile mea-
lowing fertilization and decreased dramatically between thesurement periods ending before 09:00, “late morning” profile mea-
first and second sampling periods post-fertilization (Fig. 6), surement periods ending between 09:00 and 13:00, and “afternoon”
most likely in response to volatilization losses of ffdfom profile measurement periods ending between 13:00 and 18:00.

the NH/ fraction of the UAN solution and heavy rainfall on

DOY 154, which would have diluted the surface fertilizer and o . ]

moved it down into the soil profile. N concentrations then  tive of emission from the soil and recapture of a varying frac-
increased for a period of 2 to 3 weeks, likely as a result oftion of emissions by the overlying canopy. The modeled aver-
conversion of urea to NHas the urease inhibiting efficiency 29€ flux from the soil was 155 nlg'rﬁs.—1, and the net flux to
of the Agrotain nitrogen stabilizer declined. lfHlecreased the atmosphere was 37 ng#s*, which agreed reasonably

late in the growing season, after the onset of canopy senedvell with the micrometeorological flux measurements during

cence, to pre-fertilization levels. the corresponding in-canopy measurement periods. The av-
erage total flux to the foliage (cuticular plus stomatal fluxes)

3.6 In-canopy source/sink processes was—118ngnr2s-1, equivalent to 76 % of the average soil
flux. The slight difference between our value of 76 % canopy

3.6.1 Net canopy-scale fluxes recapture and the value of 73 % reported by Bash et al. (2010)

reflects the use of average fluxes in the present analysis. Our

An intensive in-canopy experiment was conducted betweerf€Sults are consistent with other studies that have shown the
DOY 187 and 213, capturing peak LAl (Fig. 4), to quan- recapture of NH emissions from fertilized soil by the over-
tify the relative importance of the soil and foliage iH ¥ing crop canopy (Harper et al., 2000; Nemitz et al., 2000).
exchange processes with respect to the net canopy-scale .
flux. The source/sink profile within the canopy was esti- 3.6.2 Soil flux

mated from measured vertlcql I‘jl—tqncentratlon pro_f|les The flux from the ground Kg) is driven by the difference
and turbulence.parameter's using a flr'st-order analytical Clobetween the Soilfso1) and canopy£c) compensation points,
iu;)e_ rr;(()jdel, V.VTCh |sf(3ﬁscr|b§dl|_n Qet?lldb):jBasg et aII. (201t0)|the resistance to diffusion through the soil profika), the

Matréerialescrlp lon otthe modelis Included as supplemental o gistance to diffusive transport across the air-side laminar

| trati fil isti £15 boundary layer at the soil surfacRdg) and the resistance to
N-canopy concentration profiles consisting ol 1> Measures, 1ot transfer within the canopyitc), all of which can
ment periods are summarized by time of day in Fig. 9. All

. . . be viewed within a resistance modeling framework:
profiles followed a pattern of highest concentrations near the 9

soil surface, decreasing rapidly with height in the lower quar- XAsoil — Xc 5)
ter of the canopy, then more slowly tolthe top of the canopy. 97 Rinc+ Rog+ Rsoil’

Based on the consistency of the profile shapes, the soil ap-

peared to still be a constant source of Nat this stage of Following the parameterizations fdtinc, Rnhg, and Rsoil

the growing season. The shape of the profiles was driverdescribed by Pleim (2006) and Cooter et al. (2010), it is ap-
by a combination of turbulent mixing within the canopy and parent thatRs; is the limiting resistance. While the dynam-
the concentration of NEljust above the soil surface. Bash ics of the in-canopy atmospheric resistances will drive the
et al. (2010) showed that the source/sink profiles were indicavariability of the soil flux on a short timescale (Bash et al.,
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&~ 0.50 p 20 following the heavy rainfall on DOY 191. On a timescale
5o \j ~- Sl Joa 12 N of days, the supply of NElin the lower canopy, and there-
§ 040 Ay o NH, a2 fore available for transport to the atmosphere, was apparently
g Bes 12 § limited by the soil resistance as regulated by soil water con-
& om0 109 tent. It is possible, however, that the relationship shown in
‘g 025 1ot 2 B Fig. 10 represents the dynamics of both the soil resistance
3 020 NAC 4 o and NI—[{ pool. As indicated in Fig. 6l'soj decreases during
> L\‘\D’; Y I " . .
z 045 ; 2 2 the period shown in Fig. 10, though only tW, samples
0.10 0 H H
o0 o . e o 1 are avallable: Thg temporal pattern of the INair concentre}— '
SOV tions shown in Fig. 10 may therefore partly reflect a coinci-
20 . — dent decrease in the soil emission potential. Urea hydrolysis
& 18]y G > v would also exhibit a positive relationship with soil moisture.
E 18] * j‘:‘{‘é?f;‘m . g If significant concentrations of urea persisted this late into
= 14 A the growing season, the decreasd ig; may partly reflect
£ 12 . . . . .
8 i o the relationship between urea hydrolysis and soil moisture
P, . content.
i P
% © 577 .
o 4] & °8 3.6.3 Foliage
Z 2 ] o = '
0 ; . ; . : The analysis presented by Bash et al. (2010) established that
@R RIG R AR OD0 DRS DED the foliage was a large sink for NHemitted from the soil

Soil volumetric water (m’” em”) during the day. Here we extend that analysis by partitioning
Fig. 10.Time series of soil volumetric water during in-canopy mea- th(? bulk foliage flux into CUtICl.Jlar and stomatal components,
surement period along with NHair concentration at = 10cm using nl”leasured stomatal resistances fgdtand NH com- .
above the soil surface (top graph); correlation between ieh-  Pensation points derived from measured apoplast chemistry.
centration at = 10cm and soil volumetric water at 10 and 20cm The cuticular and stomatal fluxes are constrained by the total
depth (bottom graph). Soil volumetric water data represent 30-min(net) canopy-scale and ground fluxes estimated from the ana-
averages, and air concentrations represent 2-h integrated sampledytical source/sink model of Bash et al. (2010). Following the
resistance framework employed within CMAQ (Bash et al.,
2012), the total (net) flux#;) above the canopy is equivalent

2010), we find that the concentration of Niheasured just to

above the soil surface & 0.1 m) was strongly linked to soil (Xc — xa)
moisture on a timescale of days to weeks. Figure 10 showdt= Ra+05- Rinc
a time series of soil volumetric water content at 10 and 20 cm
depth along with the concentration of Net 10 cm above the  Where xc is the canopy compensation point (ugH~—2),
soil surface over the 26-day period during which in-canopy xa the air concentration measured at the top of the canopy
concentrations were measured. The surface air concentratidhlg NHsm=2), Fy the ground flux (ngm?s™?) estimated
follows the pattern of soil moisture quite closely, exhibiting Via the analytical source/sink modefs the stomatal flux
high correlation with moisture at both 10 and 20 cm depths(ngn2s™1) and Fy, the cuticular flux (nhgm?s™1). In this
(Fig. 10). Ammonia concentrations just above the soil areanalysis,Ft is also estimated via the analytical source/sink
higher immediately after the rainfall on DOY 191 relative to model andFs is calculated as
the samples preceding the rain event and decrease over time (xs—
P Xs— Xc)

as the soil dries. Fs= Rt R

The correlation between the concentration of JNjdst b+ Kst
above the soil surface and soil moisture likely reflects a com-where s is the stomatal compensation point estimated from
bination of chemical and physical processes. The; Mtix measured apoplast™Hand NI—Q concentrations during pe-
from the soil surface is linked to soil moisture via resistanceriod B (Table 1) using Eq. (2).
to NHs diffusion through the soil profile, which decreases Equations for the aerodynami®y), boundary layer Rp)
non-linearly with increasing soil moisture. As described by and in-canopy Rinc) resistances were summarized by Pleim
Sakaguchi and Zeng (2009), the soil resistance is a functiorf2006). The NH concentration profile in vegetation canopies
of the ratio of the length of the dry soil layer, through which is not constant, and Ndtan be exchanged with foliage along
a gas must diffuse to the atmosphere, to the gas diffusion cathis gradient (Bash et al., 2010). In order to reconcile this
efficient. As the soil dries, the length of the diffusion path with a resistance model frameworR;n¢ is split in Eq. (6)
increases, thereby increasing the resistance to the diffusiveuch that half of the resistance is applied between the soil
flux. This effect may be reflected in Fig. 10 as the soil driesand the canopy compensation poigt) and the other half

=Fg+Fs+ Fw, (6)

Q)
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from the canopy to the atmosphere above. This was done tc

account for NH emitted from the soil that is not subjected to T
the entire in-canopy aerodynamic resistance before exposur:
to foliage surfaces. After calculating. from Eq. (6) andFs
from Eq. (7),Fw is calculated as

Net
37ngm?st

Fy=F— Fs— Fy. 8

Ignoring one measurement period conducted entirely at  2"%
night, the remaining N = 14) in-canopy periods yielded G
mean (median) stomatal and cuticular fluxes—#2(—10)
and —94(—84)ng NHym—2s~1, respectively. The ratio of
median and mean fluxes, respectively, suggests that stomat
uptake accounts for 12—34 % of the total foliage flux dur- —
ing the day, the balance being attributed to the cuticular flux.
Dominance of the cuticular pathway is partly due to the rel-
atively large minimum stomatal resistance of jHvhich
was 154+ 17snt! at a PAR level of 1800 pmolnfs1
and 3C°C as derived from measured leaf-leve}® resis-
tances adjusted for differences in molecular diffusivity. The

flux budget derived by Bash etal. (2010) in combination with gig 11 summary of average soil, foliage and net canopy fluxes cal-
the analysis presented here is summarized in Fig. 11. culated by Bash et al. (2010) using an analytical source/sink model
Given the relatively high emission potential measured inwith the foliage flux further partitioned into estimated stomatal and
the leaf surface water, apparent dominance of the cuticulacuticular components. Note that results represent conditions near
flux during the day suggests that the chemistry of the wetpeak LAI.
cuticle is not necessarily indicative of the resistance char-
acteristics of the dry cuticle. This is somewhat supported
by the results in Table 3, which indicate lower net-canopycanopy to be 25-35 g#m~2, which typically dried com-
emissions (i.e., greater recapture by the leaf cuticle surfacejpletely by 09:30. Based on the maximum measured concen-
when the canopy is dry. The in-canopy measurements suniration of NH; (2990 ugL-t) in dew and guttation and a LAl
marized by Bash et al. (2010) are limited to a single measureef 3.0 mM*m~2, the maximum possible flux associated with
ment (DOY 199, 05:30—-08:20) during which the canopy wascomplete drying of the canopy between sunrise and 09:30 is
wet for the entire observation period. The source/sink mod-17.6 ngNHm~—2s~1, compared to mean and median fluxes
eling results of Bash et al. (2010) indicate that the canopybetween 07:00 and 10:00, which encompasses the period
recaptured 43 % of the NiHemitted from the soil during during which the flux typically increases to its morning peak,
this observation period, compared to 78 % recapture derive@f 137 and 43 ngNgim—2s~1. While a much larger contri-
from median fluxes during the six observation periods inbution to the net flux may be observed if the majority of the
which the canopy was completely dry. During the DOY 199 NH3 volatilization were confined to the late stages of the
morning measurement period, a canopy concentrajigof canopy drying, our results suggest that the morning emis-
7.9 ugnt 3 is estimated from the source/sink resistance mod-sion peak cannot be entirely explained by desorption associ-
eling described above, compared to a leaf droplet compensated with the drying of the canopy. It is more likely that the
tion point (xq) of 6.3 ug 2 derived from leaf droplet chem- morning peak in NH air concentrations and fluxes above the
istry measured on the morning of DOY 200, indicating that canopy results from a combination of canopy drying, drying
the surface droplets were capable of Nuptake. Though of the moisture that accumulates on the soil surface at night,
the canopy was wet, partitioning of the foliage flux as de-and venting of NH that accumulates within the canopy and
scribed above indicated tha&, (—8ngnT2s~1) was half  below the lowest N4 sampling inlet under stable nighttime
of Fs (—16ngn2s1). This single observation is generally conditions. This hypothesis is supported by the temporal pat-
consistent with the pattern of larger cuticular resistances untern of changes in in-canopy concentration profiles during 6
der wet conditions reflected in Table 3. sequential periods from 01:00 to 14:30, which showed a re-
Regarding the leaf surface water, the most prominent feaduction in the in-canopy concentrations post-sunrise consis-
ture of the diurnal profile of the net canopy-scale flux (Fig. 5) tent with the above-canopy late morning peak in concentra-
during period B is a large emission peak in the morning, co-tion (Bash et al., 2010).
incident with drying of the canopy and rapid mixing of the  Overall, the comparison of the emission potentials of soil,
surface layer. Based on destructive sampling and weighindeaf surface water (dew/guttation) and foliage suggests that
of wet leaves on two occasions between sunrise and 10:0&Gny emission from the canopy does not originate from the
we estimated the water content of the middle and uppeifoliage. This is consistent with an intensive examination of

Daytime
12 - 34% stomatal
66 - 88% cuticular

Nighttime
100% cuticular

/\

Foliage
-118 ng m2st
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the various Nlj‘ pools in an agricultural grassland canopy, particles on the leaf surface. In systems where a lack of tur-

which also showed emission potentials of the soil and de-bulent mixing generally minimizes fluxes at night, this fea-

composing plant parts to exceed those of live leaves (Suttoture of the cuticular exchange process may not be important

etal., 2009). with respect to total fluxes. However, cuticular uptake was
estimated to be larger when the canopy was dry and domi-
nated the total foliage exchange during the day. This unique

4 Conclusions relationship between canopy wetness and cuticular resistance
points to the remaining uncertainty in the current understand-

Results from this study illustrate the magnitude and tempo-ng of the dynamics of leaf surface chemistry as the canopy

ral characteristics of Nklemissions from a fertilized corn dries. Development of experimental approaches to better un-

canopy. The dynamics of the flux during the first month af- derstand this process for the purpose of improving cuticular

ter fertilization were influenced by both the characteristics ofresistance parameterizations represents a challenging but im-

the fertilizer, which contained a urease inhibitor, and the tem-portant step forward.

perature and moisture content of the soil. While total losses

of NH3 were consistent with emission factors for UAN solu-

tions with urease inhibition, the temporal distribution of the Supplementary material related to this article is

post-fertilization flux, which primarily occurred in two dis- available online at: http://www.biogeosciences.net/10/

tinct emission pulses, may not be well simulated by current981/2013/bg-10-981-2013-supplement.pdf

soil process models.

In-canopy source/sink modeling showed that the foliage

has a large capacity to recapture emissions from the soil dur-

ing the day once the canopy has fully developed. In light Acknowledgementsve —appreciate the field support of
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