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Section S1 

AirSentry NH3 concentration measurements at the nearby EPA shelter are compared with mean biweekly passive NH3 data. 

The biweekly passive NH3 values are a weighted average of all tower-top passive measurements made during the 2-week 

period. Note, the AirSentry NH3 measurements were taken at the nearby EPA shelter, at a height of 2 m above a grassland 

ecosystem, and the passive NH3 measurements were made at a height of 25 m above a forest ecosystem on the NEON tower. 5 

AirSentry NH3 concentration measurements at the nearby EPA shelter are compared with University Research Glassware 

(URG) denuder measurements taken on the tower during the summer of 2021. URG annular denuder and filter pack samplers 

were deployed at the site to measure inorganic gas and particle species [Allegrini et al., 1987; Allegrini et al., 1994; Fitz, 2021]. 

For this work, we will only consider gas-phase NH3 measurements. Measurements were conducted as described in Naimie et 

al. [2022], with a few notable differences. The flow was increased from 10 L min-1 to 16 L min-1 to decrease the sampling time 10 

needed. Samples were collected for 4-hour periods during the day and 6 hours overnight. Samples were collected in duplicate 

at the tower top (25.35 m-agl) and a mid-canopy height. Only the tower top samples are considered for this work. The injection 

volume of both methods was increased from 50 µL to 200 µL and the analysis time was 17 minutes. Based on previous work 

the relative standard deviations (RSDs) of major aerosol ion concentration measurements (NO3
-, SO4

2-, and NH4
+) are estimated 

to be between 3-5% and the RSDs for replicate denuder gas concentration measurements are estimated to be approximately 15 

10% [Lee et al., 2004]. 

In Fig. S1, raw AirSentry NH3 data (panel b.) and AirSentry NH3 data normalized to the biweekly passive concentration (panel 

c.) are plotted against the URG NH3 data. Generation of the 30-minute NH3 data set (panel c.) is described in section 2.7 (Data 

Preparation) of the main text. URG sample periods were 4 hours during the day or 6 hours overnight. On sampling days, 2 or 

3 daytime samples were taken, and 1 overnight sample was taken. In both panels, the 95% confidence interval of the linear fit 20 

(shown shaded in red) overlaps with the one-to-one line (y = x). Here we note that the concentrations during the intensive 

sampling period agree well between the AirSentry and URG measurements of NH3. Additionally, the normalized AirSentry 

data set (panel b.), which will be used for the bidirectional exchange simulations, agrees well with the URG measurements of 

NH3. 

 25 
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Figure S1. NH3 measurements from the nearby EPA shelter using an AirSentry are compared with biweekly passive and URG 

denuder measurements taken at the NEON tower. The least-squares linear fits are shown in red, with the 95% confidence interval 

shaded for the fit. The one-to-one line is grey-dashed. (a.) NH3 concentration data from the AirSentry, averaged to a 2-week mean, 

are compared directly to mean biweekly passive NH3 data. (b.) NH3 concentration data from the AirSentry are compared directly 30 
to URG denuder measurements. (c.) The scaled AirSentry 30-minute NH3 data was generated using the AirSentry NH3 and biweekly 

passive NH3. 

Section S2 

Parameters used for the bidirectional exchange simulations are compared between the ERA5 reanalysis and NEON tower in 

situ data. Units for each parameter are given in the title. We find that temperature (e.), pressure (f.), air density (g.), and soil 35 

temperature (i.) agree very well. Each has an R2 above 0.8 and a slope within 10% of unity. Notably, Obukhov length (c.) from 

ERA5 reanalysis and NEON tower in situ data are not correlated. The other parameters important for understanding the 

turbulent nature of the atmosphere (wind speed, and friction velocity) have some correlation between data sets.  
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Figure S2. NEON in-situ measurement data is plotted against the ERA5 reanalysis data for each parameter used in the bidirectional 40 
exchange simulations. The linear fit for each pair of data is given in red. 

Section S3 

NH3 mixing ratios were used to generate an annual average diel pattern. The variability of mixing ratios at 30-minute time 

steps is shown in Fig. S3a. The mean diel profile is shown in Fig. S3b. 
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 45 

Figure S3. The diel pattern of the NH3 mixing ratio is shown for the full year of data. (a.) Box plot of 30-minute NH3 mixing ratio 

values. The median of each box is shown in orange, the mean is shown as a green triangle, the boxes show the 25th and 75th percentile, 

the whiskers are determined at 1.5 times the interquartile range, and the black dots show outliers. (b.) The mean diel profile is shown 

in green, and the annual average mixing ratio is black. 

Section S4 50 

Figure S4 shows a comparison of the 30-minute NH3 and biweekly NH3 simulations. The 30-minute NH3 simulation uses in 

situ meteorology. The biweekly NH3 simulation has two sets of simulations run with biweekly integrated NH3 concentration: 

1. Simulated with in situ meteorology and 2. Simulated with ERA5 meteorology.  
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Figure S4. Bidirectional NH3 flux simulations are plotted for 30-minute NH3 concentration data and biweekly integrated NH3 55 
concentration data. The biweekly NH3 simulations were run using in situ (NEON Tower) and reanalysis (ERA5) meteorology and 

soil parameters. Bidirectional NH3 fluxes are plotted as net flux over a two-week period. The least squares linear regression is plotted 

for the data. Shading around the linear regression shows the 95% confidence interval of the fit. 

Section S5 

The sensitivity of our flux results was tested against several key parameters: LAI, TAN, NH3 concentration, and ground 60 

emissions. NEON derives LAI at 1 m resolution using remote sensing data. The 1 km by 1 km grid cell surrounding the NEON 

tower site in RMNP in shown in Fig S5. The box used to estimate a mean LAI value for the area surrounding the site was 

generated to maximize the area covered without intersecting with roadways or buildings near the site.  
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Figure S5. Leaf area index is shown from the NEON product: “LAI-spectrometer-mosaic”. The axis values are meters of the given 65 
grid cell from the product output of 1 km by 1 km land surfaces. 

For sensitivity testing, a set of mean values was generated for average square areas beginning at 1 square meter and increasing 

to 400 square meters around the tower site. The minimum value was 0.2 and the maximum value was 1.4. These are likely 

extreme values. The response of simulations to LAI changes is shown in Fig. S6a. On average, reducing LAI to 0.2 made NH3 

fluxes more positive by 0.08 ng N m-2 s-1 and increasing LAI to 1.4 made NH3 fluxes more negative by 0.09 ng N m-2 s-1.  70 

The sensitivity to TAN values was assessed using the standard deviation (4.7) of measurements taken by Stratton et al. (2018). 

In Fig. S6b., flux simulations using the mean TAN value measured by Stratton et al. (2018) is compared with simulations using 

a TAN value of 5.9 and 15.3 mg kg-1. NH3 fluxes shown here are more sensitive to the change in TAN than LAI. On average, 

decreasing TAN to 5.9 mg kg-1 made NH3 fluxes more negative by 0.9 ng N m-2 s-1 and increasing TAN to 15.3 made NH3 

fluxes more positive by 0.9 ng N m-2 s-1. 75 

 



7 

 

 

Figure S6. NH3 flux sensitivities are assessed for (a.) LAI and (b.) TAN. Each sensitivity test is plotted against the initial simulation 

parameters (LAI=0.8 and TAN=10.6 mg kg-1). 

We tested the sensitivity of NH3 flux to changes in atmospheric NH3 concentration. The atmospheric NH3 concentration was 80 

scaled by values ranging from 0.5 to 1.5. The observed bias for passive NH3 sampling methods from Puchalski et al. (2011) 

was a 9% underestimation. Increasing (decreasing) NH3 concentration by 10% increased (decreased) the seasonal mean fluxes 

by 0.1 to 0.6 ng N m-2 s-1. 
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Figure S7. NH3 flux was simulated using Massad et al. (2010) using the mean seasonal meteorological parameters, mean seasonal 85 
NH3 concentration at (a.) 12:00:00 and (b.) 00:00:00, and scaled NH3 concentrations. Points are colored by scale factor applied to 

the NH3 concentration. Colors are shown in the right hand justified colorbar. Difference to the mean concentration simulation values 

are listed next to each point (ng N m-2 s-1).   

At both times (12:00:00 and 00:00:00) the differences in simulated fluxes are uniformly distributed for the reduced and 

increased values. Notably at 12:00, when all mean simulated fluxes are negative, the relative changes are  similar across seasons 90 

and close to the input scale factor. At 00:00, when mean fluxes are closer to zero, the fractional differences are much larger. 

We also see that flux direction changes for these simulations with a concentration change of only about 25%.  

The absolute difference in fluxes is typically, although not always, larger for the larger magnitude mean fluxes. While the 

largest spread at 00:00:00 is about 1.75 (ng N m-2 s-1). Interestingly in the night simulation (00:00:00), the difference between 

minimum and maximum simulated values is largest for JJA, which is not the largest magnitude flux value.  95 

NH3 concentration sensitivity was also tested by scaling the input concentration by 9% to account for the error discussed in 

Puchalski et al. (2011). This resulted in an annual deposition increase of 47%, indicating the importance of accurate NH3 

measurements for flux modelling. 

Lastly, we tested the sensitivity of flux simulations to the ground compensation point during the winter (December, January, 

and February), to probe the potential impact of snow cover. In the winter, we set χg to zero to stop ground emissions. Setting 100 

χg to zero during winter changed the net wintertime flux from emission to deposition and increased the annual NH3 deposition 

by 0.06 kg N ha-1. 

Section S6 
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We conducted two case studies to probe the importance of u* and Obukhov Length on simulated aerodynamic resistances. In 

case study 1 (2), friction velocity (Obukhov Length) from ERA5 was replaced with the value from NEON (see Fig S8.). This 105 

isolates the impact on Ra from each of the given parameters. In Fig S8a and b, we see that the relative impacts of Obukhov 

Length and u* on Ra aresubstantial. Considering the simulated fluxes in Fig S8c. we see that flux simulations with ERA5 

meteorology inputs are more sensitive to changes in u* than L. In Fig S8a. calculated Ra values are all below 30 s m-1 when 

using u* from NEON. This is likely due to the minimum u* value of 0.2 set by NEON. 

 110 

Figure S8. Ra simulations using ERA5 meteorology are compared to Ra where (a.) u* and (b.) Obukhov Length, have been replaced 

with in situ values from NEON. (c.) NH3 fluxes are compared where u* and L have been replaced with in situ values from NEON. 

 

Section S7 

 115 

Measurements of foliage from the NEON site were used to determine the stomatal emission potential. At the NEON site, due 

to experimental constraints, foliage was collected in locations adjacent to the NEON tower footprint by CSU staff. Five trees 

were identified for each of the three primary overstory and understory species, for a total of 15 trees. Foliage samples were 

collected seasonally beginning in the summer of 2021. During each sampling event, 30 g of needles or leaves were collected 

from each tree by hand, where accessible (preferred) or using a slingshot method to collect a small branch from overhead. 120 

Samples were stored in Ziploc bags and shipped overnight to the EPA laboratory in a cooler with ice packs. 

Litter and foliage samples were processed and analyzed for pH and NH4
+ by the EPA as follows. 4.0 g of fresh material is 

subsampled from the plot-level composite sample, ground in liquid nitrogen using a mortar and pestle and small coffee grinder, 

then extracted with 40 mL of deionized water. pH is determined directly on the extracts. [NH4
+] in the extracts, which reflects 

the bulk tissue concentration, is determined by ion chromatography after separation of the NH4
+ from the solution as NH3 125 

using headspace equilibration. For the headspace method, 5 mL of tissue extract is added to a 250 mL high-density 

polyethylene jar containing two ALPHA passive samplers (Center for Ecology and Hydrology; Tang et al., 2001), without the 

diffusion barrier, affixed to the interior of the lid. The jar is sealed, and 5 mL of 0.3 N NaOH is added to the extract via septum. 
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NH3 liberated from the liquid extract into the headspace is collected by the passive diffusion samplers over a period of 48 

hours, after which the passive sampler is extracted with 10 mL of deionized water. NH4
+ in the extracts is determined by ion 130 

chromatography. 

To determine the stomatal emission potential, the weighted mean of Γst was calculated using the percentages of evergreen 

forest and deciduous forest from the NEON site survey (NEON, 2025). The resulting Γst was 29. 

 

 135 
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