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Abstract. Annual emissions of greenhouse and other trace gases requires knowledge of the emissions throughout the year.  

Unfortunately emissions into the surface boundary layer during stable, calm nocturnal periods are not measureable using most 

micrometeorological methods due to non-stationarity and uncoupled flow.  However, during nocturnal periods with very light 

winds the concentration of carbon dioxide (CO2) and nitrous oxide (N2O) frequently accumulates near the surface and this 

mass accumulation can be used to determine emissions.  Gas concentrations were measured at four heights (one within and 10 

three above canopy) and turbulence was measured at three heights above a mature 2.5 m high maize canopy from 23 July to 

10 September 2015.  Nocturnal CO2 and N2O fluxes from the canopy were determined using the accumulation of mass within 

a 6.3 m vertical domain of the nocturnal surface boundary layer.  Diffusive fluxes out of the top of this domain were also 

estimated.  Fluxes during near-calm nights (friction velocities < 0.05 ms-1) averaged 906 mg CO2 m-2 h-1 and 38 µg N2O m-2 h-

1. Fluxes were also measured using chambers during corresponding days. Carbon dioxide flux determined by the accumulation 15 

method were generally comparable to those determined using soil chambers.  Nitrous oxide flux determined by the 

accumulation method were equal to or below those determined using soil chambers.  The more homogenous emission of CO2 

over N2O from nearby fields and the better signal to noise ratio of the chamber method for CO2 over N2O were likely major 

reasons for the differences in chambers versus accumulated nocturnal mass flux estimates.  Near-surface N2O accumulation 

flux measurements in more homogeneous regions are needed to confirm the conclusion that mass accumulation can be 20 

effectively used to estimate soil emissions during nearly calm nights. 

1 Introduction 

Evaluation of the annual emissions of greenhouse and other trace gases emitted from agricultural fields and landscapes requires 

knowledge of the emissions during representative periods of the year.  Micrometeorological methods are widely used to 

evaluate the emissions and uptake of carbon dioxide (CO2) and to a lesser degree nitrous oxide (N2O). The micrometeorological 25 

methods of integrated horizontal mass flux, eddy correlation, eddy diffusion, or Eulerian or Lagrangian dispersion however 

cannot be used to determine the exchange during stable, calm nocturnal periods due to turbulence characteristics assumptions 

(Pattey, et al, 2002).  Various efforts to estimate the exchange during these periods have been devised- in some cases using 

purely statistical methods, some using empirical relationships, and some using alternative flux measurement methodologies 
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(Aubinet et al, 2012). The primary difficulties of determining the flux in the surface boundary layer under stable nocturnal 

conditions include the possibility of advection, non-stationarity of the concentration and velocity fields, and the lack of a 

similarity theory to describe the nonstationary, intermittent exchange processes.  A result of the negligible turbulent transport 

of mass away from the surface is a temporal change in storage of mass within a layer near the surface primarily a result of low 

vertical turbulent diffusion.  This accumulation occurs initially in a shallow nocturnal surface boundary layer then through 5 

light continuous or intermittent turbulence deepens through a thicker (approximately 100 m depth) stable nocturnal boundary 

layer (Kaimal and Finnigan, 1994).  Xia et al (2011) noted an accumulation of 222Rn within a 6.5 m surface boundary layer 

over a grass clearing of a forest preserve during nights with clear sky, light winds, and strong radiative cooling. Similar gas 

accumulations in the surface boundary layer at night have been conducted for CO2, CH4, N2O, and H2 over pastures and crops 

(Pattey et al, 2002; Pendell et al., 2010).  As weak turbulence mixes the surface boundary layer air with the cooling stable 10 

nocturnal boundary layer, gas mass accumulations become evident throughout much of the stable nocturnal boundary layer.  

Such mass accumulations are reported for CO2, CH4, N2O, and H2 over crops, plantations, and forests (Pattey et al, 2002; 

Acevedo, et al., 2004; Acevedo, et al., 2008).   

Weak turbulence and stable conditions prevent effective use of flux footprint estimates (Vesala et al, 2008).  Hence regional-

scale horizontal heterogeneity of soil-emitted gasses introduces significant potential for advection under these conditions.  This 15 

advection component to the measured mass accumulation cannot be readily assessed since the determination of flux footprints 

depends on turbulent mixing (Vesala, 2008).  Chambers et al (2011) attempted to determine the relative contribution of Rn 

accumulation from mixing of local sources and that advected from ‘remote’ regions with greater or less soil flux.  

Using temporal mass accumulation for estimating flux under stable conditions assumes horizontal transport is negligible, there 

are no local sources of N2O or CO2 within the control volume, and that the exchange of mass between the control volume and 20 

the overlying air is minimal.  If there is no flow in the SBL, then gases emitted from the soil surface will diffuse upward at 

roughly the rate of molecular diffusion (approx. 10-6 m2s-1).  Compared to the typical turbulent diffusion exchange coefficients 

(approx. 10-3 m2s-1), the molecular diffusion rate is negligible.  Consequently gas diffusion from the surface is effectively 

stopped at any altitude were the diffusion rate approaches the molecular rate.  This provides the effective ‘cap’ on the mixing 

of gases in the control volume layer.   25 

Many definitions have been used to define the conditions in which the accumulation of a gas as effectively capped in the 

surface boundary layer.  Since the friction velocity (u*) provides an index of turbulent mixing, Pattey et al (2002) used a u* 

threshold for validating the quality of the ‘cap’.  Pendell et al (2010) defined the top of the control volume based on significant 

correlations between CO2 (presumed from soil respiration) and CO, CH4, N2O, and H2.  The top of the control volume has 

been estimated by Acevedo et al (2004) using the top of an observed fog layer or the height of constant potential temperature 30 

and specific moisture between 0530 and 0830 LT.  Acevedo et al (2008) used the height of the strongest potential temperature 

inversion as the control volume top.  Pattey et al (2002) determined the accumulation over the entire 10 m of profile 

measurements under constrained turbulent flow conditions. Using these ‘cap’ definitions, the temporal change in mass 
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accumulations have been determined over relatively thin layers of air over crops (10 m thick; Pattey et al, 2002), pastures (5 

m thick; Pendell et al., 2010) and plantations (8 m thick; Pendell et al., 2010).  Other much thicker layers of at least 20 m have 

been defined over forests (Acevedo, et al., 2004; Acevedo, et al., 2008; Pendell et al., 2010). 

We evaluated the nocturnal flux of CO2 and N2O from maize-cropped land based on the temporal accumulation of mass storage 

within the surface boundary layer constrained vertically by the flow characteristics at the top of the layer. 5 

2 Methods 

N2O and CO2 fluxes were measured using three methods during the night between 2000 and 0400 local time (LT) over nitrogen-

fertilized fields during the summer of 2015.  These fields are located in a relatively flat and homogeneous terrain (Fig. 1a).  

The terrain rises to the north at a rate of only 2 m km-1 and land use is predominantly agricultural with cropped land covering 

100% of the land within 1 km2 and 97% of the within 10 km2 (Table 1) and 83% within 25 km2.  Crops are generally alternating 10 

between maize and soybean with 83%, (1 km2) 46% (10 km2) and 40% (25 km2) in maize in 2015.   

The instrumented tower (described below) was situated in a tilled field (Fig. 1b) in which 200 kg N ha-1 were applied as 

anhydrous ammonia (AA) at pre-plant in spring 2015.  Three other fertilizer treatments were applied in fields near the tower: 

a fall 200 kg N ha-1  AA application on a till field to the east during the fall of 2014, a 100 kg N ha-1  AA on a no-tilled field 

to the southeast during the fall of 2014 followed by a pre-plant spring AA application of 100 kg N ha-1  on a tilled and no-till 15 

field, and a spring pre-plant application of 200 kg/ha N on a field directly south.  

N2O and CO2 concentrations were measured from air sampled out of a 7 L min-1 air flow drawn from 1µm-filtered inlets at 

three heights: 2.8 m, 5 m, and 8 m above ground level (agl). Air was sampled sequentially for 5 minutes at each inlet.  Mean 

concentrations were based on the last three of each five-minute interval to account for the time lag associated with the air flow 

and the measuring instruments.  The 2.8 m point sample was made from a mast that was 18 m from the 5 and 8 m measurement 20 

mast (Fig. 1b).  In addition a line sample based on a 50-m line with ten inlets drew air at 1 m within the canopy (Grant and 

Boehm, 2015).  The 1 m in-canopy line sample measurement was positioned between 50 m and 25 m (line sample end to end) 

from the 5 m and 8 m single point mast measurements (Fig. 1b).  The 2.8 m single point measurement was made between 45 

m and 65 m from the 1-m line sample (end to end) and 18 m from the 5 and 8 m measurement mast (Fig. 1b).  The N2O in the 

sampled air was measured using an IRIS 4600 difference frequency generation (DFG) laser mid-infrared (IR) analyzer 25 

(ThermoFischer Scientific, Franklin, MA) with a measured N2O minimum detection limit (MDL; 3 sigma) of 0.3 µLL-1.  The 

CO2 in the sampled air was measured using a LiCOR 840 non-dispersive IR analyzer (LiCOR, Inc., Lincoln, NE) with a 

measured CO2 MDL of 5 µLL-1.  The moisture content of the sampled air was also determined by the LiCOR 840 non-

dispersive IR analyzer. All concentrations were corrected to dry air. 

Atmospheric pressure, temperature and relative humidity were measure at 2.5 m at 5-min intervals on a weather station within 30 

100 m of the gas measurements. Turbulence was measured at three heights (2.5 m, 5 m, and  8 m) using a 3-dimensional sonic 
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anemometer (RM Young 81000, RM Young, Inc., Traverse City, MI).  Turbulence was sampled at 16Hz and recorded at 10Hz.  

The minimum detection limit (MDL) was approximately 0.01 ms-1.  Since the tethered tower was tilted but shifted slightly in 

tilt due to shifts in the wind direction, a double rotation rather than planar rotation was made to correct the flow coordinate 

system for each 30-min turbulence-averaging interval (Lee et al, 2004).  Stability was assessed using the local Obukov length 

(Λ) based on local measures of heat and momentum transfer within the stable boundary layer (van de Wiel et al, 2008). 5 

The accumulation of CO2 and N2O over the maize canopy was based on gas concentration measurements (using the DFG and 

NDIR instruments) made at three heights (3m, 5m and 8m; Fig. 1b) on an 8m tower and one height representing an integrated 

line concentration in the maize canopy (1 m; Fig. 1b).  Flux was determined into the layer according to: 

             (1) 

 10 

using Newtonian integration and assuming the concentration between the ground and 1 m was constant and equal to that at 1 

m . The accumulation flux was calculated as the linear slope of the time resolved accumulation of three measurements over 

1.5 hours.  Turbulent conditions were segregated into those with u* less than or greater than or equal to 0.05 ms-1 (approximately 

four times the estimated MDL of 0.014 ms-1).  This threshold was lower than that used by Pattey et al (2002), who used a 

threshold of 0.1 ms-1 for both the friction velocity (u*) and standard deviation of w’ (σw).   15 

The diffusive flux out the top of the control volume (6.3 m) under both unstable and stable conditions was determined using 

the eddy exchange coefficient Kc as: 

 𝑄𝑄𝐶𝐶 = 𝐾𝐾𝐶𝐶
∆𝐶𝐶
∆𝑧𝑧

            (2) 

where the concentration gradient (∆C/∆z) was calculated above the canopy between 5 m and 8 m (van dr Wiel et al, 2008). 

The ∆C MDL were estimated at 12.7 µLL-1 for CO2 and 0.5 nLL-1 for N2O based on the MDL for the respective gas 20 

concentrations.  The Kc for top of the control volume was determined using 3D sonic anemometer measurements at 5m and 

8m using the similarity method of Schaefer et al. (2012) and the molecular Schmidt number (Sc) (Massman, 1998).  Given the 

sonic anemometer measurement error in wind speed and the corresponding error in friction velocity, the error in Kc was 

estimated at 22%, or approximately 0.0035 m2s-1. Diffusive fluxes where the ∆C or Kc were less than the MDL were 

invalidated.  Since the double rotation coordinate tilt induce additional errors in u* for u* less than 0.15 ms-1 (Foken et al, 25 

2004), the error in Kc was expected to be much lager for low turbulence conditions.      

The CO2 and N2O emissions were also determined using the vented static chamber method at various times between 1000  and 

1400 LT over the two months of measurements (Mosier et al, 2006).  The chamber consisted of aluminium anchors (~0.74 by 

0.35 by 0.12 m) driven about 0.10 m into the soil; at each sampling time lids covered the anchors to result in a chamber volume 

of approximately 32.4 L. On each sampling date, gas samples were collected from the chamber headspace through a rubber 30 

 

𝑄𝑄𝐶𝐶 =
𝛥𝛥∫ 𝐶𝐶𝐶𝐶𝐶𝐶6.3

0
𝛥𝛥𝑡𝑡
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septum at 0, 10, 20, and 30 min after chamber deployment using a gastight syringe, and then transferred into pre-evacuated 12 

mL Exetainer vials (Labco, High Wycombe, UK). Nitrous oxide and CO2 concentrations of the gas samples were determined 

using a gas chromatograph (Varian 3800 GC, Mississauga, Canada) equipped with an automatic Combi-Pal injection system 

(Varian, Mississauga, Canada).  Fluxes were calculated from the rate of change of the N2O concentration in the chamber 

headspace assuming a linear rate of change in concentration within the headspace. The MDL determined based on the 99% 5 

confidence interval of the rate of change was 140 g CO2 ha-1 d-1 (580 mg CO2 m-2 h-1) and 25 g N2O ha-1 d-1 (104 µg N2O m-2 

h-1). 

Land use during the 2015 growing season was assessed using CropScape Cropland Data Layer (USDA,2017).  Dominant land 

use, excluding developed land, was assessed for the surrounding 1 km2 and 10 km2 area of the measurement tower (Table 1). 

3 Results and Discussion 10 

Measurements were made over the period 23 July to 11 September, 2015 resulting in 1685 30-min averaged records.  Within 

this period there were 600 ½ h periods with N2O measurements and 370 30-min periods with CO2 measurements between 

1900 and 0300 LT.  During this period, the mature maize canopy was 2.5 m tall (H). 

 

3.1 Near-surface layer profiles 15 

A common feature of the nocturnal CO2 and N2O concentration profiles is an increase in concentration near the surface over 

time (Fig. 2b,c).  Mass accumulations of CO2 and N2O were observed over the mature maize canopy when wind speeds were 

low at 8 m (3.2H) (Fig. 2a).  The increased concentrations were assumed to be a result of gaseous emissions largely from the 

soil surface. Mean wind speed (U) and the ratio of variability in w (σw) to u* at both 5 m and 8 m were significantly lower 

when u*< 0.05 ms-1 than when u*> 0.05 ms-1 (Table 2; Fig. 3).  Over the nocturnal period of 1900 to 0700 LT, the averaged 20 

local stability at 8 m (z/Λ; van de Wiel et al, 2008) at 8 m was positive regardless of u* between 1900 and 0300 LT and negative 

from 0300 and 0700 LT.  The negative stability expressed the influence of dawn occurring around 05 LT (Table 2). Stable 

conditions (positive Λ) at 8 m occurred during 28% of the measurement periods (465 30-min measurement intervals).   

Sonic temperature (Ts) increased with height between 3 and 5 m under low turbulent conditions throughout the night while 

increasing turbulence between 20 and 0700 LT shifted the Ts gradient from positive to negative with height (Fig. 2).  However 25 

at the top of the measured profile, the temperature gradient was nearly zero for u*< 0.05 ms-1 (Table 3). The mean bulk 

Richardson number (RB) at the geometric mean height of the top two measurements averaged 2.3 when u*< 0.05 ms-1.  For 

conditions with u*>=0.05 ms-1 the mean RB was -1.2.  Shifts in wind direction above the canopy was highly variable for u* less 

than approximately 0.05 ms-1 (Fig. 3), vertical wind velocity variance less than 0.01 m2s-2 and the horizontal wind velocity 

variance less than 0.1 m2s-2 (Fig. 3).   30 
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Strong stability (high positive RB, z/Λ>+1; Table 2), low shear velocity (u*< 0.05 ms-1; Table 2), low variance in the vertical 

wind (σw; Table 2) and common directional wind shifts (Fig. 3) across the 5 to 8 m height was consistent with z-less flow 

(Mahrt, 2011).  In this environment, gases emitted from the surface do not readily transport from the surface layer into the 

nocturnal boundary layer but accumulate in the surface layer. The top of the surface-influenced domain in which mass 

accumulation was set at 6.3 m (geometric mean of 5 m and 8 m; 2.5H) (Fig. 4).  5 

Over the 1900 to 0700 LT timeframe, the line-averaged concentrations of CO2 at 1 m within the canopy ranged from 354 µLL-

1 to 1038 µLL-1 while point concentrations at 8 m agl (5.2 m or 2.9 H above the canopy) varied from 358 µLL-1 to 862 µLL-1.  

The difference between the 5 m (1.7 H) and 8 m (2.9H) CO2 concentrations ranged from -11.4 µLL-1 to 337 µLL-1.  Given the 

MDL of a delta concentration of 12.7 µLL-1 CO2, the MDL of the gradient at the top of the domain was 7.8 mg CO2 m-4.  

Approximately 22.7% of the concentration gradients at the top of the layer were high enough to calculate a turbulent diffusion. 10 

The mean CO2 gradient (dCO2/dz) was less than or equal to the MDL when u*> 0.05 ms-1 (Table 3).   

Over the1900 to 0700 LT timeframe, the line-averaged N2O concentrations within the canopy (0.4H) ranged from 0.313 µLL-

1 to 0.467 µLL-1 while the point sample at 8 m ranged from 0.295 µLL-1 to 0.448 µLL-1. The difference between the 5 m (1.7 

H) and 8 m (2.9H) N2O concentrations above the canopy ranged from -0.357 µLL-1 to 0.059 µLL-1. Given the MDL of a delta 

concentration of 0.5 µLL-1 N2O, the MDL gradient at the top of the domain was 0.307 µg N2O m-4.  Only 0.2% of the 15 

concentration gradients at the top of the layer were high enough to calculate a turbulent diffusion. The mean N2O gradient 

(dN2O/dz) was less than the MDL when u*> 0.05 ms-1 (Table 3).  

A common feature of the mean concentration profiles of both CO2 and N2O was a lower mean concentration from air sampled 

at a point 3 m (1.2H) than both the 1 m (0.4H) and 5 m (1.7H) mean concentrations.  This may be a result of the close proximity 

of the 1.2 H point measurement to the canopy top representing only local canopy conditions.  Conversely, the spatially-20 

averaged line concentration in the canopy at 0.4H could better approximate the mean concentration at that height within the 

canopy.  Consequently, concentration measurements at 2.8 m were excluded from all profiles prior to mass integration.   

The pattern of mass build-up were similar for N2O and CO2 (Fig. 4). The increase in either N2O or CO2 concentrations in the 

lowest 6.3 m corresponded with a decrease in wind speeds at 8 m (Fig. 2) as well as low u* and variance in w’ (Fig. 4). The 

mean gradient in N2O and CO2 at this height during stable conditions and low turbulence was higher than that during higher 25 

turbulence, although the gradients varied widely (Table 3). If winds intermittently increase during the night, the concentration 

of both N2O and CO2 decreased in the surface boundary layer, with an increase occurring after the winds decline again (Figs. 

1, 3).  This intermittent turbulence then mixed the heat and mass further into the developing nocturnal boundary layer. The 

accumulation of CO2 and N2O in the lowest 8 m of the boundary layer might be expected to occur if the top of the layer 

exhibited minimal turbulence since the molecular diffusion of a gas is orders of magnitude smaller than the turbulent diffusion.   30 
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On average, the mean profiles of CO2 and N2O concentrations during from 1900 to 0300 LT showed nearly identical 

concentrations at 1 m and 5 m with decrease in concentration at 8 m (Fig. 5).  The corresponding mean concentration profiles 

for the 0300 to 0700 LT time window showed no change in concentration with height (Fig. 5). Conditions during the 1900 to 

0300 LT period resulted in nearly identical mean wind speed profiles regardless of u* but substantially different temperature 

profiles (Fig. 5). Temperature inversions above the canopy (2.8 m to 5 m agl) were evident between 1900 and 0300 LT 5 

regardless of u* (Fig. 5).  The temperature inversion was also evident between 0300 and 0700 LT when u* was less than 0.05 

ms-1 (Fig. 5).  This near-surface inversion was not evident at the top of the accumulation domain (between 5 m and 8 m agl) 

where the wind shear was high. 

3.2 Mass accumulations 

Using the previously defined top of the accumulation domain, the accumulations of N2O and CO2 were often evident during 10 

the night from 1900 to 0000 LT with sunset approximately 2100 LT (Fig. 6).  These mass accumulations corresponded with 

positive z/Λ (locally stable conditions) and low u* (low turbulence). After quality assurance of the accumulated flux 

calculations, there were 90 30-min measurements of N2O nocturnal flux and 85 30-min measurements of CO2 nocturnal flux 

with u* less than 0.05 ms-1.  Note that the mean gradients of both N2O and CO2 were less for this set of measurements (Table 

4) than for all measurement periods (Table 3).  Accumulated N2O flux during low turbulence averaged 60.23 µg N2O m-2h-1 15 

with a variability (standard deviation) greater than the mean (Table 4).  Mean accumulation N2O fluxes late in the growing 

season were comparable both to the median flux measured over many months using KN2O over maize by Wagner-Riddle et al 

(2007) and fluxes measured using chambers by Venterea and coworkers (2005).  The accumulation CO2 flux during low 

turbulence averaged 645.4 mg CO2 m-2h-1 with a variability less than the mean (Table 4). These fluxes are comparable to those 

reported by Mosier et al (2006) over a maize field.   20 

Greater turbulence (higher u* at 8 m) corresponded with decreased accumulated fluxes for both N2O and CO2 (Table 4).  The 

greater turbulence corresponded with a decrease in the mean N2O gradient and an increase in the CO2 gradient at the top of 

the domain (Table 4).  The mean NO2 flux and mean N2O gradients both decreased with increased u* (Table 4).  The upper 

transport ‘cap’ to the mass accumulation domain was on average stronger for the low turbulence condition than the higher 

turbulence condition (based on σw and σw/u*; Table 2). The effectiveness of this ‘cap’, separating the developing nocturnal 25 

boundary layer above from the surface boundary layer below, had a larger effect on the mass accumulation of N2O than CO2.  

This might be expected if the local CO2 flux was more similar to the more distant surroundings (more homogeneous) than the 

N2O flux.  It is important however to note that the high variability in CO2 and N2O fluxes under low turbulence resulted in a 

mean flux not statistically different (Student t-test) from that associated with turbulence with u* up to 0.05 ms-1 (Table 4). 

Eddy diffusivities were comparable to and exhibited the same relationship to u* and z/Λ for positive z/Λ as those reported for 30 

N2O and NH3 in Schaefer et al. (2012). The mean eddy diffusivities were more than an order of magnitude higher for conditions 

with u*> 0.05 ms-1 than u*< 0.05 ms-1 (Table 3).  Clearly the u* threshold of 0.05 ms-1 still allowed for weak turbulent diffusion 
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of the both N2O and CO2 out of the near-surface control volume and into the nocturnal boundary layer (Table 4). Measureable 

upward turbulent diffusive transport was evident for 44% of the accumulated N2O flux measurements and 33% of the 

accumulated CO2 flux measurements during the 1900 to 0300 LT time window (Table 4).  Excluding intervals when the 

diffusive flux was measureable reduced the low turbulence flux of N2O mean flux to 42 µg N2O m-2h-1 and slightly increased 

the CO2 mean flux to 665 mg CO2 m-2h-1 (Table 4), although these differences were not statistically different from the fluxes 5 

during periods with measurable diffusive flux.  When turbulence at 8 m exceeded u* of 0.05 ms-1, the accumulation flux of 

N2O was approximately 15% lower than that under low turbulence while that of CO2 was more than 50% lower (Table 4). 

However if there is z-less flow at the domain top at low u*, the applicability of diffusion estimates using Equation 2 across the 

top of this domain is questionable.  An alternate explanation of the relatively small changes in flux of both N2O and CO2 at 

low u* with or without estimated diffusion (Table 4) is a lack of applicability of the approach to estimating diffusion. 10 

The time trends in the mass accumulation fluxes of N2O and CO2 when there was no measurable diffusive flux are illustrated 

in Figures 6 and 7.  The accumulated fluxes of CO2 between 1900 LT and 0300 LT generally decreased over time with values 

ranging from approximately 500 to 50 kg ha-1 d-1 (Fig. 7). Consequently, the standard deviation of the mean flux of 458 mg 

CO2 m-2h-1 does not represent the variability in flux as much as the mean trend over time.  Additional measurements when 

there was no measurable diffusive flux between 0300 LT and 0700 LT were similar to those during the night (small filled 15 

circles, Fig. 7). 

The accumulated fluxes of N2O were relatively steady over the measurement period (Fig. 8).  Since the MDL for the flux 

estimate was much smaller than these fluxes, the standard deviation of 25 µg N2O m-2h-1 (Table 4) appears to represent the 

variability in flux associated with varying winds during the night.  Additional measurements when there was no measurable 

diffusive flux between 0300 LT and 0700 LT were slightly higher than those during the night (Fig. 8). 20 

3.3 Soil chamber fluxes 

The daytime (between 1000 LT and 1400 LT) soil chamber CO2 and N2O flux measurements made during the measurement 

period also showed a decreasing flux over the period (Figs. 6, 7). CO2 flux ranged from 158 mg CO2 m-2h-1 (38 kg CO2 ha-1 d-

1) to 1330 mg CO2 m-2h-1 (331 kg CO2 ha-1 d-1) and averaged 620 mg CO2 m-2h-1 (149 kg CO2 ha-1 d-1).  The chamber 

measurements thus had a mean signal to noise ratio of 1.1 (chamber MDL of 580 mg CO2 m-2h-1). These fluxes are higher than 25 

many soil respiration fluxes reported in the literature for maize fields (Table 1). The region of the south field in which no N 

was applied during the past year had a mean emission of 269 mg CO2 m-2h-1 (65 kg CO2 ha-1 d-1), averaging 43% of the mean 

field emissions under various N treatments and similar to that reported for maize production in the literature (Table 1).   

Chamber-determined N2O fluxes were much lower than those of CO2. Nitrous oxide fluxes ranged from 3 µg N2O m-2h-1 (1 g 

N2O ha-1 d-1) to 347 µg N2O m-2h-1 (83 g N2O ha-1 d-1) averaging 173 µg N2O m-2h-1 (42 g N2O ha-1 d-1).  As with the CO2 30 

fluxes, these fluxes were higher than commonly reported in the literature (Table 1).  The chamber N2O measurements thus had 

a mean signal to noise ratio of 1.7 (chamber MDL of 104 µg N2O m-2h-1).  The field south of the tower, on which no N was 
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applied during the year, had a mean emission of 92 µg N2O m-2h-1 (22 g N2O ha-1 d-1), 52% of the mean fertilized field 

emissions, similar to that reported in the literature (Table 1) and equal to the Chamber method MDL 

3.3 Comparative fluxes 

As with the comparison of CO2 fluxes determined by eddy covariance and boundary-layer mass balance (Eugster and Siegrist, 

2000), the fluxes determined by chamber and mass accumulation are local and ‘regional’ fluxes respectively. The CO2 flux 5 

measurements based on mass accumulation within the domain during low turbulence were greater than but comparable to the 

chamber measurements (Fig. 7).  The higher accumulation flux over the chamber flux was likely due to maize stalk and leaf 

respiration of CO2. Canopy respiration, combining respiration of the soil, roots, stalks and leaves is measured by the 

accumulation method.  Parkin et al (2005) measured soil and root respiration with chambers and whole canopy respiration by 

eddy covariance and found that the soil respiration was approximately 50% of the total measured CO2 flux. 10 

The N2O flux measurements based on mass accumulation under low turbulence were generally lower than those measured 

using the chambers although the inclusion of measurable diffusive fluxes improved the correspondence between the chambers 

and the combined within-domain accumulation and diffusion flux out the top of the domain (Fig. 8). Since there is no known 

N2O flux from the crop canopy, the soil chamber flux should be the same as the above-canopy accumulation flux provided 

there is no advection of low N2O air from nearby. 15 

The accumulated mass of CO2 and N2O have contributions from local soils sources as well as mass advection from more 

distant sources due to the meandering nature of the air flow during the stable nocturnal conditions (Eugister and Siegrist, 2000).  

Unfortunately, the analytical approaches to defining the flux footprint do not apply to the stable nocturnal conditions in which 

the accumulations occur (z/Λ>+1, u*< 0.05 ms-1); Vesala et al, 2007), although they are believed to be in the order of kilometers 

(eg. Chambers et al, 2011).  At scales of kilometers, the land use was crop agriculture; dominated by soybean and maize 20 

production (93%) in the 10 km2 area of the measurement tower (Table 1).   

Differences between the accumulation flux versus chamber flux measurements were likely in part due to the advection of gas 

emitted from surrounding fields.  The CO2 emissions of the un-fertilized fields were similar to those of the fertilized fields 

(Fig. 7) and literature values for emissions from surrounding grassy areas and soybean fields are similar to these emission rates 

(Table 1), it is reasonable to assume that the advected, regionally-emitted CO2 from surrounding soybean and maize production 25 

would not be evident in our measurements. 

The measured un-fertilized fields of maize typically had lower N2O emissions than fertilized maize fields, closer emission 

rates to those measured by the accumulation method (Fig. 8).  Literature values for emissions from surrounding grassy areas 

and soybean fields are substantially lower than the measured fertilized maize fields (Table 1). Since roughly one-half the 

surrounding area was in soybean production (Table 1), it is reasonable to assume horizontal advection of air with lower N2O 30 

concentration from nearby soybean canopies likely affected the N2O profile and consequently the accumulative N2O flux 
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estimates (Fig, 7). Additional measurements when there was no measurable diffusive flux between 0300 LT and 0700 LT 

suggest that the accumulated fluxes were comparable to those of the chamber measurement method (Fig. 8).  These flux 

measurements were bounded at the top of the domain by slightly unstable conditions (Table 2). 

4 Conclusions 

Nocturnal CO2 and N2O fluxes from the soil surface were determined using the accumulation of mass within a mixing-limited 5 

surface boundary layer domain.  The accumulation flux estimation required the friction velocity near the confined domain top 

to be less than 0.05 ms-1, with or without intermittent turbulence, to assure limited turbulent diffusion out the domain top and 

into the deeper nocturnal boundary layer.    

The surface flux determined by the accumulation method were comparable to fluxes measured using the vented static chamber 

method under these near-calm stable conditions. The magnitude and homogeneity of the flux influenced the ability for the 10 

accumulation method to be effective at estimating nocturnal flux: CO2 flux determined by the accumulation method were 

slightly higher but comparable to those measured using the chamber method while that for N2O was at or below that measured 

using the chamber method.  For the CO2 flux, the slightly higher flux of the accumulation method is reasonable since it 

represented a measure of the canopy including the root and soil respiration while the lower flux of the chamber method 

represented a measure of only the root and soil respiration.  For the N2O flux, there is no known canopy emission of N2O and 15 

consequently the chamber method and accumulation method should have been comparable.  Advection of air during the stable 

nocturnal conditions contributed to the measured profiles and likely resulted in underestimation of the N2O flux, but not the 

CO2 flux, by the accumulation method. Additional work is needed to evaluate the use of the accumulation method for N2O 

fluxes in large homogeneous domains using chamber methods with a lower MDL (higher signal to noise ratio). 
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Table 1: 2015 Land use around the research site and literature-reported emissions for each land use.  

    

Land use 1 km2 
area 
(%)1

 

10 km2 
area 
(%)1 

CO2 respiration 
(kg CO2 ha-1 d-1) 

Source N2O emissions 
(g N2O ha-1 d-1) 

Source 

Maize 
production 

83 47 Canopy:86-216 Pattey et al, 2002 0- 26 
21- 28 

Eichner, 1990 
Parkin and Kaspar, 2006 

Soybean 
production 

15 46 Soil/root: 99; 
 
Canopy: 126,150 
Soil/root: 14,17 
Canopy: 131 
Canopy:86-259 

Raich & Tufekcoglu, 
1999;  
DeCosta, et al, 1986 
 
Parkin et al, 2005 
Pattey et al, 2002 

1- 4 
 

6- 7 

Bemner et al, 1980 
 
Parkin and Kaspar, 2006 

Grass 2 2 Canopy: 122 Tufekcoglu,et al 2001 3- 8 Eichner, 1990 

Deciduous 
Forest 

0 1 Soil/root: 77, 85 
 
Canopy: 181 

Raich &Tufekcoglu, 
1999 
Lee at al, 1996 

<1- 2, 4 Bowden et al, 2000; 
Goodroad & Keeney, 
1984 

Bare 
ground 

0 <1 Soil: 2,2,2 DeCosta, et al, 1986 5-7 Bremner et al, 1981 

Alfalfa 0 <1 Canopy: 59 
Soil/root: 38 

DeCosta, et al, 1986 6- 15 Duxbury and Bouldin, 
1982 

1: Land use during the 2015 growing season assessed using CropScape Cropland Data Layer (USDA,2017). 

 5 
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Table 2:   Wind conditions over the maize canopy. Statistics based on 30-min averaging period of 10Hz 3D sonic anemometer 
measurements at indicated heights over the entire study period. 

   8 m 5 m 8 m 
Time 

interval 
(LT) 

Flow condition at 
8 m  Statistic 

U1  
(ms-1) 

 z/Λ2  
 

U*3 
(ms-1) 

σw4 
(ms-1) 

σw / U* 

  
U* 

(ms-1) 
σw 

(ms-1) 
σw / U* 

  
1900-
0300 

Low turbulence 
u*<=0.05 ms-1 

n5=290 

Mean 1.05 16.05 0.04 0.003 0.066 0.02 0.002 0.080 

SD6 0.45 0.80 0.02 0.003 0.152 0.01 0.002 0.176 

Turbulent 
u*>0.05 ms-1 

n=314 

Mean 2.17 0.10 0.21 0.089 0.421 0.19 0.083 0.435 

SD 0.94 0.04 0.14 0.067 0.488 0.13 0.104 0.800 

0300-
0700 

Low turbulence 
u*<=0.05 ms-1 

n=157 

Mean 0.98 -3.43 0.04 0.003 0.072 0.03 0.002 0.086 

SD 0.44 0.32 0.02 0.004 0.204 0.01 0.004 0.322 

Turbulent 
u*>0.05 ms-1 

n=923 

Mean 2.80 -1.33 0.36 0.212 0.593 0.33 0.200 0.605 

SD 1.45 0.00 0.17 0.188 1.090 0.17 0.171 1.021 

1: U=wind speed 
2: Λ= Local Obukov length scale 5 
3: u*=friction velocity  
4: σw = vertical wind velocity variance 
5: n= number of 30-min measurements 
6: SD=standard deviation 

10 
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Table 3: Characteristics of the nocturnal boundary layer at the top of the accumulation domain with stable conditions (positive local 
Obukov length) at 8m. Statistics based on 30-min averaging periods.   

 

Time 
interval 

(LT) 
Flow condition at 

8 m agl 

6.3 m agl 

Statistic 
dTs2/dz 
(oC m-1) 

dN2O/dz 
(µg m-4) 

dCO2/dz 
(mg m-4) 

K3N2O  
(m2 s-1) 

KCO2 
(m2 s-1) 

1900-
0300 Low turbulence 

u*
1<=0.05 ms-1 

Mean -0.008 3.26 44.4 0.008 0.008 
SD4 0.033 5.50 49.1 0.024 0.022 

Turbulent 
u*>0.05 ms-1 

Mean 0.148 .054 8.2 0.233 0.221 
SD 0.025 3.40 15.3 0.229 0.216 

0300-
0700 Low turbulence 

u*<=0.05 ms-1 

Mean 0.005 2.22 32.6 0.010 0.009 
SD 0.053 3.55 38.3 0.111 0.105 

Turbulent 
u*>0.05 ms-1 

Mean 0.270 -0.12 0.6 0.601 0.568 
SD 0.035 7.61 7.0 0.307 0.290 

1: u* =friction velocity 
2: Ts =sonic temperature 5 
3: K =diffusion coefficient 
4: SD=standard deviation 
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Table 4: Flux of N2O and CO2 across the top of the accumulation domain during stable (positive local Obukov length) nocturnal 
conditions.  Accumulation flux based on 90-min mass accumulations. 

Flow condition at 
8 m Statistic 

Gradient at top of domain 
(6.3 m agl) 

N2O accumulation flux  
(µg N2O m-2h-1) 

CO2 accumulation flux 
(mg CO2 m-2h-1) 

µg N2O m-4 
 

mg CO2 m-4 with or 
without 

measurable 
diffusion at 

6.3 m 

without 
measurable 
diffusion at 

6.3 m 

with or 
without 

measurable 
diffusion at 

6.3 m 

without 
measurable 
diffusion at 

6.3 m 

Low turbulence 
u*

1<=0.05 ms-1 

 

Mean 1.80 18.83 60.23 42.00 645.4 664.9 
SD2 2.47 21.07 59.05 25.09 434.4 458.0 
n 89 67 90 50 85 57 

Turbulent 
u*>0.05 ms-1 

 

Mean 0.83 29.93 44.70 35.27 217.1 278.4 
SD 1.97 27.97 55.31 30.74 473.0 647.2 
n 59 59 60 40 106 53 

1: u*=friction velocity 

2: SD=standard deviation 

3: n= number of 90-min values  5 
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Figure 1: Experimental domain: GoogleEarth® images from August 2015 showing the homogeneous agricultural land use across 5 
the region surrounding the experimental field (panel a) and the configuration of measurements in the experimental field (panel b).   
Locations and heights of the sonic anemometers and inlets (open triangles), integrated line sample (open diamond and orange line), 
and meteorological station (open circle) are indicated.  Note scale in lower right corner.

(a)                                                   (b)              
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Figure 2: Changes in CO2 and N2O concentrations at the bottom and top of the measured domain relative to wind speed at 8 m.  The 
wind speed at 8m (panel a, right ordinate), the CO2 concentrations at 1 m and 8 m (panel b, left ordinate) and the N2O concentrations 
at 1 m and 8 m (panel c, right ordinate) are indicated for a five-day period. Dates on the abscissa are indicated at the beginning of 
the indicated day (midnight). Note the increase in wind speed during the 8/5/15 night corresponds with a decrease in both the 1 m 5 
and 8 m concentrations of both CO2 and N2O. 
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Figure 3: Wind conditions in the near-surface layer over the entire study period. The relationship between change in wind direction 
(panel a with ordinate axis to left), horizontal wind velocity variance (σhor2; panel b with ordinate axis to left) and the vertical wind 
velocity variance (σw2; panel c with ordinate axis to right) with friction velocity (u*) is indicated. The dashed line demarcates the 
separation of ‘low turbulence’ and ‘turbulent’ classifications for wind conditions. Note that the demarcation between ‘low 5 
turbulence’ and ‘turbulent’ flow corresponds with a σw2 threshold of 0.01 m2s-2. 
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Figure 4: Near-surface atmospheric conditions during the night of 5 August, 2015.  The friction velocity (u*, left ordinate) and 
vertical wind velocity variance (σw2, right ordinate) at 8 m are indicated from 1900 to 0700 LT in panel a.  The solid line (panel a) 
indicates the upper thresholds for the ‘low turbulence’ classification.  Labelled profiles (LT) of N2O and CO2 concentrations every 
hour from 1900 LT until 0300 LT are indicated with differing symbols and lines in panels b and c. Note the 0100-0200 LT burst of  5 
vertical wind  variance (panel a) corresponds with losses in N2O (panel b) and CO2 (panel c). Sunrise and sunset times were 0649 
and 2059 LT. 
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Figure 5: Mean profiles of wind speed, sonic temperature, and concentrations of CO2 and N2O under different friction velocity and 
time domain classes for the entire study period. The mean wind speed (U, panel a), sonic temperature (Ts; panel b), and concentration 
profiles of CO2 (panel c) and N2O (panel d) when the air at 8 m had low turbulence (u* < 0.05 ms-1) or turbulent (u* >= 0.05 ms-1) 5 
between 1900 and 0300 LT and 0300 and 0700 LT are indicated.  Canopy height was 2.8 m.  Smaller symbols not connected with 
lines represent concentration measurements excluded from mass accumulations due to their close proximity to the canopy top.  
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Figure 6: Accumulation of CO2 and N2O within the lowest 6.3m of the boundary layer during the night throughout the study period.  
The mean accumulations of N2O (panel a) and CO2 (panel b) are indicated with vertical error bars indicating the standard error of 
the mean of each 30-min mean accumulation. Sunrise is approximately 0600 to 0700 LT. 5 
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Figure 7: Temperatures and CO2 flux based on accumulation and chamber methods.  Diurnal variation in air (solid black line) and 
10 cm soil at 10 cm depth (dashed blue line) during the period are indicated in panel a. Canopy fluxes calculated using accumulation 
method under stable, low turbulence conditions without measurable diffusion at 6.3 m and soil+root fluxes calculated using the 
chamber method from measurements made between 1000 and 1400 LT are indicated in panel b (ordinate axis with differing units 5 
to left and right).  The standard deviation of the three chamber flux measurements in each field are indicated by the vertical bars.  
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Figure 8: Precipitation and N2O flux based on accumulation and chamber methods. Precipitation is indicated in panel a. Canopy 
fluxes calculated using accumulation method under stable, low turbulence conditions without measurable diffusion at 6.3 m and 5 
soil+root fluxes calculated using the chamber method from measurements made between 1000 and 1400 LT are indicated in panel 
b (ordinate axis with differing units to left and right). The standard deviation of the three chamber flux measurements in each field 
are indicated by the vertical bars. 
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