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Tendencies of soil microbial NO emissions during
HI-SCALE as predicted by a nitrification /
denitrification scheme
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4Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Key Points:

+ Microbial soil NO emissions can significantly impact modeled nitrogen / ozone chem-
istry over rural areas of the U.S. Great Plains.

» Soil NO emissions reduce but do not eliminate negative biases in gaseous / aerosol
species when evaluated against aircraft and surface data.

» Modeled soil NO emission show seasonal dependencies based on soil moisture and
temperature, but modulated by soil type.

Corresponding author: Brian Gaudet, Brian.Gaudet@pnnl.gov
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Abstract

Many atmospheric chemical processes, including the formation of secondary organic
aerosol (SOA), are strongly modulated by the reactions of NO and NOy (NO,,). Though
NO,, is controlled by anthropogenic emissions near urban areas, in rural areas soil mi-
crobial nitrification and denitrification can be a significant contribution to NO emission
globally. The relative rates of emissions of different nitrogen-containing species (e.g., NO,
N2O, HONO, Nj) are strong functions of soil properties such as temperature, moisture
content, pH, and soil carbon and nitrogen pools. However, typical large-scale biogeochem-
ical models either express these emissions simplistically, or not at all. Here we investi-
gate the potential impact of soil NO emissions on atmospheric NO, chemistry and SOA
formation over regional and monthly time scales, specifically the 2016 spring and sum-
mer Intensive Observational Periods (IOPs) of the Holistic Interactions of Shallow Clouds,
Aerosols and Land Ecosystems (HI-SCALE) field campaign. We implement a mechanis-
tic soil NO parameterization into the Weather Research and Forecasting model coupled
with Chemistry (WRF-Chem) model, supplemented by a 1-km soil moisture analysis.

We then simulate both IOPs over the U.S. Great Plains, evaluating against ground sta-
tions and flight data. We show that soil NO emissions can account for a large fraction

of total NO, and locally increase O3 concentrations by up to 25%, while alleviating neg-
ative biases of gases and aerosols towards observations. Meteorology and soil moisture
and temperature changes between IOP1 and IOP2 lead to overall differences in emissions,
but with large regional variability due to heterogeneous surface characteristics.

Plain Language Summary

Nitric oxide (NO) is a gaseous species that when emitted near the surface can have
strong impacts on atmospheric chemical processes that can generate various pollutants,
such as nitrogen dioxide (NOz) and ozone (Og3), as well as aerosols that can serve as cloud
droplet nuclei and hence impact cloud structure and lifetime. While NO chiefly arises
from man-made sources, far away from local sources the emission of NO from soil mi-
crobes can be significant, and is thought to account for as much as 20-25% of the global
total. Most models that would be used to predict atmospheric chemistry over a region
such as the U.S. Great Plains over timescales of less than a few months do not take soil
NO emissions into account in sufficient detail, as they are complex functions of soil tem-
perature, soil moisture, and other surface properties. In this study we take a soil NO emis-
sion model and implement it into the widely used WRF-Chem atmospheric model. Sim-
ulations of the U.S. Great Plains over two months from a field campaign show better agree-
ment with the observations when soil NO is included and we use a new dataset of 1-km
soil moisture.

1 Introduction

Oxides of nitrogen (NO,) including nitric oxide (NO) and nitrogen dioxide (NOsy)
constitute a group of highly reactive nitrogenous gases that react with oxygen, water,
and other chemicals in the atmosphere forming acid rain, and fine particulate matter (in-
organic particles containing nitrate and organic particles) contributing to haze. NO, cat-
alyzes tropospheric ozone production and destruction and reacts with with hydroper-
oxyl radicals (HO3) and organic peroxy radicals (RO3) during the daytime forming hy-
droxyl radicals (OH) (Seinfeld & Pandis, 2016). OH radicals are one of the key oxidants
that affect the lifetime of greenhouse gases like methane (CHy) and cause the oxidation
of Volatile Organic Compounds (VOCs) forming secondary organic aerosols (SOA). In
addition to serving as atmospheric pollutants, SOA have the potential to serve as cloud
condensation nuclei (CCN), which could thus affect local cloud formation and dissipa-
tion, with implications for the Earth’s radiative budget.
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NO, gases are primarily emitted by the high temperature combustion of fossil and
biomass fuels. However, non-combustion soil processes could also emit NO, and soil NO
emissions have been reported to be the primary drivers of OH radical production in clean
terrestrial locations like the Amazon rainforest (Shrivastava et al., 2019). Soil nitrogen
can be converted and released as NO gases to the atmosphere through both microbial
activity (through biotic/enzymatic) processes and chemical (abiotic non-enzymatic) pro-
cesses (Pilegaard, 2013). In addition to the existing natural soil nitrogen, fertilizer/manure
application and deposition of nitrogen from the atmosphere add to the soil nitrogen con-
tent. In urban areas, anthropogenic NO, emitted from combustion activities (like ve-
hicular exhaust, power plant plumes, biofuel burning) might dominate NO,, emissions;
however, in agricultural regions like the northern mid-latitudes, emissions of NO,, from
soil microbes can be significant (Jaeglé et al., 2005). About 22% of global surface soil
NO, emissions have been attributed to soil sources (Jaeglé et al., 2005). Soil emission
of NO, relative to other N-containing species (e.g., NHz, NyO, N3, and HONO) is a func-
tion of the relative rates of nitrification / denitrification in the soil. These rates in turn
are functions of various soil properties, such as pH and the ratio of microbial C to N pools,
but soil moisture / water-filled pore space in soils is one of the primary drivers of these
rates (Oswald et al., 2013; Rasool et al., 2019b). This dependence, however, is compli-
cated; while there is a general tendency for NO emissions to decrease with increasing wa-
ter content, after extended dry periods the presence of rain can lead to a ‘pulse’ of NO
emissions an order of magnitude greater than the background rate (Hudman et al., 2012).
Therefore, realistically predicting these soil emissions requires information about the chem-
ical state of soil C and N pools as well as the amount and evolution of soil moisture with
time.

Existing large-scale chemical models, when they do not neglect soil NO emissions
altogether, tend to represent them as simple functions based on total available soil N.
Yienger and Levy II (1995) developed a scheme (YL) that represents fluxes as functions
of biome type modified by various factors, including temperature. Soil moisture depen-
dence is included via dry soil / wet soil classification based on antecedent precipitation.
The Berkeley-Dalhousie Soil NO, Parameterization (BDSNP) (Hudman et al., 2012) also
has biome-dependent baseline emissions of NO, but it includes both soil temperature and
moisture continuous emission factors for NO. These schemes have been incorporated into
the GEOS-Chem transport model (Wang et al., 1998; Hudman et al., 2012) and the US
EPA’s Community Multiscale Air Quality Model (CMAQ) (Rasool et al., 2016). A sim-
ilar parameterization to represent soil microbial emission of HONO has been implemented
into the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem)
(Zhang et al., 2016, 2017). Recently, Ren et al. (2025) has also run WRF-Chem includ-
ing parameterizations of soil NO and HONO emissions that contain temperature- and
moisture-dependent emission factors Wang et al. (2021, 2023).

In this study, we implement a mechanistic parameterization to predict soil NO emis-
sions into the Weather Research and Forecasting model coupled with Chemistry (WRF-
Chem), and use the model to simulate the U.S. Midwest region for the Apr-May 2016
and Aug-Sep 2016 Intensive Observing Periods (IOPs) of the Holistic Interactions of Shal-
low Clouds, Aerosols and Land Ecosystems (HI-SCALE) field campaign (Fast et al. 2019).
The parameterization is derived from that of Rasool et al. (2019b), which describes the
implementation of the scheme into CMAQ and its initial evaluation. The scheme is mech-
anistic in that different oxidation states of soil N, and nitrification / denitrification rates,
are explicitly tracked, and a full range of gaseous N emission products can be predicted.
We intend to evaluate the chemical field predictions of the modeling system against the
HI-SCALE measurements, and evaluate the sensitivity of the modeled species to the in-
clusion of soil NO emissions. Because of the strong dependence of these emissions on soil
properties, including but not restricted to temperature and moisture, we make use of ex-
ternally generated geographical datasets that contain these properties (Rasool et al., 2019a;
Tai et al., 2024) in the simulations.
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Section 2 will describe our general approach and the components of our modeling
system. Section 3 will then present sensitivity tests to the inclusion of soil NO emissions,
an analysis of the factors leading to the modeled differences between the two IOPs, and
observation verification of the baseline model simulation. Sections 4 and 5 will then in-
clude discussion of the results, conclusions, and suggestions for future work.

2 Approach
2.1 WRF-Chem

We used the Weather Research and Forecasting (WRF) model coupled with Chem-
istry (WRF-Chem) (Fast et al., 2006; Grell et al., 2005) version 4.2 to simulate trace gases
and aerosols during the HI-SCALE IOP1 and IOP2 periods using a 12-km domain. WRF
is an atmospheric regional model that can be configured with a full suite of multiple physics
packages that predict land surface fluxes, cloud microphysics, turbulent mixing, and ra-
diation (Skamarock et al. 2007).

Hourly aerosol and trace gas emissions from sources other than biomass burning
and biogenic emissions are derived from the United States Environmental Protection Agency’s
2017 National Emissions Inventory (NEI2017). Biogenic volatile organic compound (BVOC)
emissions are derived from version 2.1 of Model of Emissions of Gases and Aerosols from
Nature (MEGAN v2.1) (Guenther et al., 2012), which was recently implemented into WRF.
Since the emissions from this scheme have a strong dependence on vegetation proper-
ties, the implementation occurred within the land surface model based on version 4 of
the Community Land Model (CLM) (Zhao et al., 2016; Lawrence et al., 2011). In the
land surface model each land use type consists of a mosaic of up to four plant function
types (PFTs), for each of which BVOC emission factors are provided in Guenther et al.
(2012).

Gas-phase chemistry in our WRF-Chem configuration uses the Statewide Air Pol-
lution Research Center (SAPRC-99) mechanism, which includes 211 reactions of 74 gas
phase species, 18 of which are free radicals. Inorganic aerosol chemistry and the evolu-
tion of aerosol size distribution and microphysics in WRF-Chem are represented by the
Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 2008).
The MOSAIC aerosol module includes treatments of nucleation, coagulation, and con-
densation as described in previous studies (Chapman et al., 2009; Fast et al., 2009). In
addition, both in-cloud and below-cloud wet removal of trace gases and aerosols are sim-
ulated following Easter et al. (2004). We have used SAPRC-99 coupled to MOSAIC to
model gas-aerosol chemistry for simulations in multiple regions across the globe (e.g.,
Shrivastava et al. (2019)).

Our goal in this work is to simulate the impacts of soil NO, emissions on atmo-
spheric trace gas and aerosol mass concentrations across the entire period of both HI-
SCALE IOPs. However, for this to be practical, we need to minimize computational re-
sources required by the scheme. Therefore, we represent each particle-phase chemical con-
stituent in WRF-Chem by four size sections with bin boundaries of 0.039-0.156 pym (ul-
trafine), 0.156 to 0.624 pum (accumulation), 0.624 to 2.5 pm and 2.5 to 10 pum, respec-
tively, and separate particle phase tracers are used for interstitial and cloud-borne aerosols.
Both particle number and mass are simulated in each bin. We represent both primary
organic aerosols (POA) and secondary organic aerosols (SOA) in WRF-Chem using the
simplified and computationally efficient two-species volatility basis set (VBS) treatment
(Shrivastava et al., 2011) to account for the role of organics affecting aerosols and clouds.
We treat the condensation/evaporation of SOA using a dynamic gas-particle partition-
ing approach wherein the model calculates the condensation/evaporation of organic gases
using a semi-implicit Eulerian approach with adaptive time (Zaveri et al., 2014).
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2.2 Soil NO scheme

To compute the natural soil fluxes of nitrogen species into the atmosphere, the mech-
anistic scheme of Rasool et al. (2019b) was implemented into the CLM land surface model
within WRF because, like BVOCs, these emissions are strongly dependent on land sur-
face properties. The scheme essentially consists of two components: the first tracks the
amount of soil microbial NH4, NOgs, and labile Cfor non-agricultural regions; the second
predicts nitrification / denitrification rates and the gaseous emissions of NO, HONO, and
N5O that result from the soil microbial pools of C and the different forms of N.. The ni-
trification / denitrification framework is based on the Daily version of CENTURY model
(DayCENT) biogeochemical scheme (Parton et al., 2001).

For non-agricultural regions, the USGS land use types specified in the WRF Pre-
processing System (WPS) (Global Land Cover Characterization v2 from 1992-1993) are
mapped to the soil biome types of Rasool et al. (2019b), which tabulates soil microbial
to organic C and N fractions and HONO emission factors for each biome. These are sup-
plemented with offline geographical datasets from Rasool et al. (2019a) which provide
total soil organic carbon and nitrogen pools, microbial carbon-to-nitrogen ratios, and soil
pH. From all these the soil NH4 and labile C pools that result from the microbial life cy-
cle are calculated as in Rasool et al. (2019b), which is based on the C / N cycling frame-
work of Schimel and Weintraub (2003).

For agricultural regions, as in Rasool et al. (2019b), we make use of an offline sim-
ulation of the Environmental Policy Integrated Climate (EPIC) agricultural ecosystem
model to create daily output of the pools of soil NH4, NOj3, and labile C during the HI-
SCALE IOPs. These pools are then incorporated into the WRF-Chem initial conditions
for each simulation segment. Since these agricultural pools are predicted externally to
WRF-Chem, their amounts are not re-computed within a WRF-Chem simulation.

During the WRF-Chem simulation, rates of nitrification and denitrification are com-
puted from the soil microbial NH4, NOg, and labile C, treating the non-agricultural and
agricultural pools separately. These rates are used to predict the evolution of the non-
agricultural NHy and NOg3 pools as well as their emissions of the different nitrogen gaseous
species. For agricultural regions, the different soil pools are prescribed externally and
hence not modified, but the nitrification / denitrification rates are still computed in or-
der to determine the agricultural nitrogen gas emissions. The nitrification / denitrifica-
tion rates are based on the static soil properties and soil moisture and temperature val-
ues over the top 10 cm of the soil (the CLM levels are about 0.71 cm, 2.79 c¢m, 6.23 cm,
11.9 cm, 21.2 ¢cm, 36.6 cm, 62.0 cm, 1.038 m, 1.728 m, and 2.865 m; thus, soil temper-
ature and moisture values are averaged over the top three soil levels for this computa-
tion).

The dependencies of NO emissions from the scheme on soil temperature and mois-
ture are complex; their relations are given in the appendix. To summarize, the nitrifi-
cation rate has a linear dependence on soil temperature above 5 C, while the denitrifi-
cation rate increases with temperature between asymptotic values at 0 and 30 C. Nitri-
fication rates are also a function of volumetric soil moisture content that peak at inter-
mediate values, depending on the values of the wilting point and field capacity for the
soil type. Denitrification rates depend on the water-filled pore space (WFPS) of the soil,
which is given by the ratio of volumetric soil moisture to saturated volumetric soil mois-
ture. In addition, the ratio of NO, to NoO generated is modeled as a function of soil gas
diffusivity, which also depends on WFPS.

For WRF land use types, it is assumed that both agricultural and non-agricultural
areas can exist within a grid cell, with an agricultural fraction consistent with the frac-
tion of the crop PFT for that type (85% for crop, 50% for crop / natural mosaic, and
0% for other types). The rates of emission of NO, N3O, and HONO for nitrification and
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denitrification are then determined for agricultural and non-agricultural regions sepa-
rately. The total emission for a grid cell is found by summing the agricultural and non-
agricultural emissions, weighted by the agriculture fraction. Nitrification can produce

all three species, with the emissions of HONO relative to NO peaking at water-filled pore
space = 0.1, while denitrification produces NO and N2O. For both, the relative rate of
NO to N2O emission is a specified function of diffusivity.

2.3 HI-SCALE

The Holistic Interactions of Shallow Clouds, Aerosols and Land Ecosystems (HI-
SCALE) field campaign (Fast et al., 2019) was supported by the Atmospheric Research
Measurement (ARM) program in order to provide extensive measurements over the U.S.
Great Plains to increase understanding of the life cycle of shallow clouds. During two
IOPs (IOP1: 24 Apr - 15 May 2016; IOP2: 28 Aug - 21 Sep 2016), Gulfstream-159 (G-
1) aircraft performed a series of flights equipped with meteorological and chemistry in-
strumentation. The flights were conducted in the proximity of the ARM Southern Great
Plains (SGP) Central Facility, and supplement the existing long term meteorological, ra-
diation, and chemical measurement made at that site. More information on HI-SCALE
can be found in Fast et al. (2019).

In order to perform observational verification of surface chemistry measurements
in the Great Plains but outside of the HI-SCALE focus region, we made use of the net-
work of U.S. Environmental Protection Agency (U.S.-EPA) hourly surface measurements
of chemical species (NO3 and Os), and daily measurements of nitrate (NO3 ) aerosol con-
centration.

2.4 Soil moisture analysis

Because of the importance of the dependence of soil N species on soil moisture, we
wanted to use make use of a high resolution soil moisture product that was observation-
ally constrained. Towards that end, we made use of the 1-km soil moisture product found
at Tai et al. (2024) and described in Tai et al. (2025). This product was generated by
assimilating the 9-km Soil Moisture Active Passive mission (SMAP) soil moisture data
into the Noah-MP land surface model. The SMAP soil moisture data assimilation is ac-
complished under the framework of NASA’s Land Information System using the ensem-
ble Kalman filter (EnKF) algorithm. 12 ensemble members were initialized by perturb-
ing the selected variables in meteorological forcing data (the North American Land Data
Assimilation System Phase 2 (NLDAS-2) (Xia et al., 2012) along with the NCEP Stage
IV Quantitative Precipitation Estimate). The dataset has a spatial coverage over much
of the east CONUS and is valid in the frequency of 6 hours throughout the entire year
of 2016. Observational evaluation of the dataset revealed it had superior skill metrics
compared to other soil moisture analyses for independent in situ soil moisture data in
the U.S. Great Plains (the OK Mesonet), with RMSE values of 0.087 m®m~3. Further
details on the soil moisture product including the results of evaluation using in-situ ob-
servations can be found in Tai et al. (2025).

2.5 Experimental WRF-Chem configuration

The simulations used a single 240 x 240 horizontal domain at 12 km grid spacing,
encompassing most of the central U.S. and parts of the southeastern U.S. (Figure 1). As
previously mentioned, the CLM land surface model, adapted for BVOC and soil NO emis-
sions, was used for this study. Other physics options used for the simulations can be found
in Table 1.

The meteorological initial and boundary conditions were derived from the 3-km High-
Resolution Rapid Refresh (HRRR) analyses (Dowell et al., 2022), as well as target fields
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Table 1. WRF physics options used in this study.

Physics Option Reference

Land Surface Model Community Land Lawrence et al. (2011)

Model (CLM)
Planetary Boundary Layer Yonsei University Hong et al. (2006)

(YSU)

Convective Parameterization Modified Kain- Berg et al. (2015)
Fritsch

Radiation Rapid Radiative Tacono et al. (2008)

Transfer Model for
GCMs (RRTMG)

Microphysics Morrison two- Morrison et al. (2005)
moment

Nudging Above boundary Stauffer and Seaman
layer only (1990)

used for nudging the simulations. However, the soil moisture values provided by default
with the HRRR land surface model were replaced by those in the high resolution soil mois-
ture product of Tai et al. (2024) using a nearest-neighbor approach. Vertical interpola-
tion is performed from the four levels of the soil analysis product to the finer resolution
CLM soil levels. Horizontally, the high resolution soil moisture values are mapped to the
WRF grid using a nearest neighbor approach. The CAM-chem global model (Emmons

et al., 2020) provided initial and boundary conditions for trace gases and aerosols.

We performed simulations encompassing most of both HISCALE IOP1 (24 Apr -
15 May 2016) and IOP2 (28 Aug - 21 Sep 2016) in a series of three-day segments. Two
simulations were performed for each period, one with soil emissions turned on (hence-
forth simulation SNOx), and one without soil emissions (henceforth simulation NoSNOx);
otherwise, the configurations were identical, and as described above. While the mete-
orology was refreshed from HRRR after every simulation segment, the trace gases and
aerosols were cycled from the previous simulation segment. The meteorology was nudged
during each segment towards the 3-hourly HRRR fields above the simulated boundary
layer. This procedure allows the simulated large-scale meteorology to remain tightly con-
strained to the HRRR analyses throughout each IOP, but allows the shorter-timescale
processes within the boundary layer to be evolved by WRF unconstrained. Model out-
put was generated every three hours, but was regenerated every 30 minutes for use the
validation against HI-SCALE flight data.

3 Results
3.1 Species sensitivity to soil NO

Next, we show time series of area-averaged soil NO emissions from simulation SNOx
(Figure 2). Because we are primarily interested in the integrated effect of these emissions
in the rural areas of the U.S. Great Plains, we perform our area average over the domain
subset corresponding to the U.S. Midwest, which we henceforth define as between lon-
gitudes 105.5 and 79.0 W, and between latitude 30.0 N and the north boundary of the
model domain (yellow square in Figure 1). We can see that these emissions average range
from about 5-30 g N m~2 hr™ !, but are on average higher in IOP2 than IOP1, and tend
to be greatest in late afternoon, and least around dawn. A multi-scale variability dur-
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Figure 2. Time series of the IOP1 Midwest-averaged soil NO flux for IOP1 (left) and IOP2
(right) in the SNOx simulation. Periods during nighttime are shaded gray.

ing IOP1 is evident that is presumably due to synoptic weather variability, whereas the
values during IOP2 are more consistent day-to-day.

Now, we examine Midwest-averaged time series of the concentration differences of
various species between the SNOx and NoSNOx simulations. In Figure 3 we show a ver-
tical profile of the soil / no-soil difference in NO, concentration across both IOPs, along
with three time series at the lowest model level, consisting of the actual NO, concen-
tration for each simulation, the concentration difference, and the fractional concentra-
tion difference. For IOP1, we see that the Midwest domain-averaged NO, concentration
at the lowest model level can change by up to 2 ppb through the inclusion of soil emis-
sions, which can represent a nearly 100% increase in the overall amount at these times.
The diurnal cycle of the soil NO, contribution is closely correlated with the total NO,
concentration, which tends to peak in the nighttime hours; the diurnally-averaged frac-
tional change in concentration is on the order of 50%.

The nighttime concentration maxima for these species reflects shallower boundary
layer depths and less vertical mixing under these conditions, as can be seen by the domain-
averaged boundary layer heights in panels a and d. However, a small but noticeable por-
tion of soil-emitted NO, is evidently transported from the daytime boundary layer to
the free troposphere; the concentration plumes in the free troposphere appear to ascend
from the peak boundary height towards a maximum height 6-12 hours later. This im-
plies an ascent rate of a few to up to 10 cm s™!; this conceivably could be due to trans-
port by strong synoptic systems, but at the stronger end probably reflects convective trans-
port. In any event, it suggests that soil NO emissions can have some impacts at large
horizontal distances from the initial source region.

Superimposed on the general trend of higher nighttime NO,, concentrations are two
peaks at the beginning and end of night in simulation NoSNOx, corresponding to an-
thropogenic emissions from the evening and morning rush hours. These subsidiary peaks
are also visible in simulation SNOx, but since the soil emissions do not exhibit this be-
havior, the relative prominence of these peaks is reduced. Meanwhile the daily maximum
NO, concentration attributed to soil NO emissions exhibits variability on a multi-day
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Figure 3. (Left column). Time series of the Midwest-averaged NO, concentration differences
between the SNOx and NoSNOx simulations as function of height. Black line indicates Midwest-
averaged PBL height. (Middle column) Time series of Midwest-averaged NO, concentrations at
lowest model (about 19 m AGL) for SNOx and NoSNOx simulations. (Right column) Time series
of Midwest-averaged fractional NO, concentration differences. Top row is IOP1, bottom row is
10P2.

timescale that is positively correlated with the variability of soil NO emissions themselves,
as shown in Figure 2.

Similar patterns appear for IOP2, but both the daily maximum soil NO, contri-
butions and the total NO, contributions are even greater, being increased by approx-
imately 50%. There does seem to be less multi-day variability in the daily maxima than
in IOP1. Both of these are consistent with the trends of soil NO emissions during IOP2.

In Figure 4, we show the impact of these emissions on ozone. The percent impact
on Oj is less than on NO,,, about 5% on average in IOP1 and 10% for most of IOP2, which
might be expected since it is not a direct emission product. However, this still represents
a regional average of up to 2-5 ppb each day, which can be a significant contribution to
non-attainment of EPA emission standards. As with NO,, time of peak fractional im-
pact of soil NO emissions on O3 coincides with the time of maximum concentration, which
in this case is in the late afternoon local time.

As with NO,, we also see some evidence of ozone transport to the free troposphere
after the peak of boundary layer height. This transport might appear more prominent
than was the case for NO, because for ozone peak concentration and peak boundary layer
height happen to be correlated in time. But it might also reflect longer lifetimes for Og,
which allow concentration signals from the boundary layer to persist over greater depths
and distances.
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Figure 4. Same as Figure 3, but for Os.

3.2 Spatial maps of species sensitivity

Domain-wide spatial averages of species concentrations may underestimate their
sensitivity to soil NO emissions in particular regions, such as in rural areas where the
relative importance of these emissions is greater. In Figure 5 we show the spatial pat-
tern of NO, and Og concentration differences and percent changes averaged across all
3-hr output times for both IOPs. We see that the spatial patterns of the greatest NO,,
enhancements are similar for IOP1 and IOP2 but generally greater in IOP2, approach-
ing 5 ppb at locations in the western U.S. Great Plains. For Og, the same tendency oc-
curs, with maximum enhancements approaching 10 ppb for IOP2. However, the pattern
of O3 enhancements are more widespread and uniform than those of NO,, probably from
to the greater importance of transport to Os concentrations due to its greater atmospheric
lifetime.

The panels showing percentage changes of NO, and Oz from soil NO emissions demon-
strate their increased importance over rural vs. urban areas; patches of low percent changes
of NO, can be seen over the main urban areas in the western part of the domain (e.g.,
Dallas-Fort Worth, Oklahoma City, Tulsa). However, the large scale patterns are dom-
inated by an east-west gradient, with values near 100% prevailing in the west, but mostly
20% or less in the east. Since the large-scale west-east gradient of the actual background
concentration is not as prominent, the implication is that non-soil sources of NO (i.e.,
anthropogenic) create higher concentrations of NO,, in the eastern domain than in the
west, so the fractional change caused by soil NO is reduced there. The details of the pat-
tern though would be expected to depend on the transport for these particular seasons
and could vary from year to year. For Og the fractional concentration changes from soil
NO do not show much of an urban / rural signal, which again might reflect the increased
importance of transport to O3 concentrations averaged over this timescale.
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3.3 Soil NO emission seasonal trends

We now examine some of the characteristics that account for the increased emis-
sions in IOP2 vs. IOP1 in more detail. In Figure 6 we average the soil NO emissions for
each IOP as a function of UTC hour. As suggested by the previous time series, emis-
sions have a strong diurnal signal, tending to peak early-mid afternoon local standard
time (Central Standard Time = UTC - 6). Here we also separate the agricultural emis-
sions from the non-agricultural emissions. The agricultural emissions are defined as emis-
sions from grid points that possess a crop or crop-mosaic land use type in the model, and
for these points we use the offline-generated soil C and N pools to compute emissions;
emissions from points with other land use categories that use WRF-Chem generated pools
are defined as non-agricultural emissions. We see that the non-agricultural grid points
actually have more emissions on average than the agricultural grid points, and have more
diurnal variability. They are also responsible for the greater overall emissions in IOP2
vs. IOP1.

While these NO emission rates are consistent with broad range of values reported
in the literature (e.g., Rasool et al. (2019b) Figure 3; Wang et al. (2023)), the reduced
rates of the agricultural emissions relative to the non-agricultural emissions are a bit puz-
zling, although it is evidently related to the relative magnitudes and behavior of the agri-
cultural vs. nonagricultural pools of C, NHy, and NOg3 because both are subject to the
same nitrification / denitrification scheme. It is not clear at present if there is an issue
with the parameterization, or with the offline pool predictions. However, because we are
interested in the sensitivity of soil NO emissions inline within WRF-Chem to soil tem-
perature and moisture, and how this can explain the IOP1 / IOP2 emission difference,
we therefore focus our remaining analysis on the non-agricultural grid points.
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In the soil parameterization NO emissions are a function of soil temperature, soil
moisture, and other factors that are a fixed function of geography. In Figure 7 we bin
all the Midwest domain points for every 18 UTC time in each IOP simulation period as
a function of top level soil moisture and soil temperature, and then display the average
soil NO flux emitted by all those bins, along with the joint normalized PDF of occur-
rence. We only include 18 UTC points to exclude the impact of the large diurnal cycle,
and because this is close to the time of maximum soil NO emissions. We can see a trend
of NO emissions increasing with temperature up to approximately 310 K; points with
higher temperatures tend to have low soil moisture values as well as low emissions. Oth-
erwise we also see a trend of increasing emissions with decreasing soil moisture — except
for a set of points between about 0.25 - 0.35 volumetric soil moisture and > 305 K with
abnormally high emissions.

If soil moisture and temperature were the only influences on emissions in the scheme,
the color shading in the two panels in Figure 7 would look the same. While they are quite
similar, a few differences do appear; e.g., emissions around 0.25 volumetric soil moisture
and 300 K are a bit higher in IOP2 than IOP1, and points with very low soil moisture
emit substantially more in IOP1 than in IOP2. Since the remaining controlling factors
are geographical and hence the same in IOP1 and IOP2, the panel differences can be at-
tributed to compositional effects; i.e., the locations that are near (0.25,300) in IOP2 have
traits that cause them to emit somewhat more in these conditions than the locations near
(0.25,300) in IOP1.

When we examine the PDF contours in Figure 7, we find, as might be expected,
the late summer IOP2 has more warmer and drier points than the spring IOP1, both of
which could be expected to contribute to greater emissions in IOP2. The mode for IOP2
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is around 305 K, vs. 302 K, and IOP2 has many more points in this temperature range
with volumetric soil moisture between 0.1 and 0.2. In contrast, IOP1 has more points
below 295 K, which have low emissions. But it should be noted that on close examina-
tion the immediate region of the mode emits about the same on average in both IOP1
and TOP2 (30 - 40 g N km ™ ?hr ™).

The product of the PDF with the soil emission function in Figure 7 gives the con-
tribution of each point in soil moisture / temperature space to the total flux (Figure 8).
A comparison to Figure 7 reveals that the greater emissions in IOP2 could be adequately
explained by a reduced number of low emitting points with T < 295 K, and increased
number of warmer / drier points near the PDF modes, which dominate the total soil NO
flux. However, Figure 7 also shows that the areas of highest emission in moisture / tem-
perature space are well outside of the modes of the joint PDFs, so while these areas don’t
contribute much to the total flux, they might make a greater relative contribution to the
10P2 - IOP1 flux difference. In Figure 9, we plot the cumulative probability distribu-
tion of all the points binned by local emission for each IOP, and the contribution of each
bin to that total. It can be seen that about 30% of the total emissions of IOP1, and 40%
of IOP2, come from locations that emit more than 80 g N km™2 hr~'. Furthermore, more

than half of the IOP2 - IOP1 flux difference is from points that emit more than 80 g N km™2 hr™

which is well above the mean emission value across the whole joint moisture / temper-
ature PDF. What this indicates is that a few locations with favorable geographical char-
acteristics generate are high emitters and generate a large portion of the flux for each
point in Figure 7.
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3.4 Soil NO emission seasonal sensitivities

We now look at the spatial maps to better characterize the properties of soil emis-
sions across the two IOPs and what other factors they might depend on. Figure 10 shows
the average of the soil NO emissions of simulation SNOx at each non-agricultural point
during the two IOPs across all output times. The tendency for more emissions during
IOP2 is discernible across most of the domain, but the high spatial variability of the emis-
sions can also be seen. The patches generally correspond to the carbon / nitrogen pool
sizes from the geographical database, modified by soil moisture and temperature. When
averaged over all Midwest non-agricultural domain points, the IOP2 soil NO fluxes are
3731 gN km 2hr ! vs. 29.36 km 2hr~! for IOP1.

The differences in top-level soil moisture and temperature between IOP1 and I0P2
are shown in Figures 11. As might be expected, IOP2 is generally warmer everywhere
than IOP1 (domain average 302.43 K vs. 298.54 K), though the amount of warming is
greater in the north than in the south. The patterns in soil moisture have more spatial
variability than for soil temperature. While most of the domain appears drier in IOP2
(domain average volumetric soil moisture 0.234 in IOP2 vs. 0.247 in IOP1), exceptions
do appear, particularly in the southwest near the Texas / New Mexico border, which was
abnormally dry in IOP1.

When we look at pointwise correlations among IOP2 - IOP1 differences in soil NO
fluxes, moisture, and temperature, as shown in the top row of Table 2, we find a seem-
ingly contradictory result; while in the domain averages we had positive IOP2 - IOP1
soil NO fluxes associated with positive temperature and negative soil moisture differences,
pointwise changes in soil NO fluxes between the two IOPs are actually negatively cor-
related with temperature changes and positively correlated with moisture changes. This
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Figure 11. Same as Figure 10, but for top-level soil temperature (top row), and top-level soil

moisture (bottom row).

puzzling result is a sampling compositional effect that may be explained by sorting the
gridpoints by soil textural class, as is done in the rest of Table 2.

First, it can be seen that there is a strong anticorrelation of soil moisture and tem-
perature regardless of soil texture. Physically, this can be attributed to the reduced abil-
ity of solar heating to increase the soil temperature when the soil moisture is increased.
For soil types 1-4 (roughly speaking, more sandy), we see that soil NO emissions are neg-
atively correlated with soil moisture differences, and (except for silt loam) positively cor-
related with temperature differences. However, for soil types 6-12 (roughly, more clay-
based), we see the opposite correlations of soil NO emissions with soil temperature and
moisture. Since in the parameterization the soil emissions increase monotonically with
temperature when all else is equal, we conclude that for these soils the negative corre-
lation of emissions with temperature is due to them being in a state where there is a pos-
itive correlation between emission and soil moisture, which more than counteracts the
temperature dependence.

For a graphical view, we show a heat map of NO emissions as a function of soil mois-
ture and temperature, similar to Figure 7, except now the quantities are IOP2 - IOP1
differences, and all times are now used in the average (Figure 12, top row). We also show
the analysis separately for soil types 1-4 and 6-13. The all-soil figure shows negative flux
differences in the top-left quadrant of positive soil temperature / negative soil moisture
differences, and positive flux differences in the bottom-right quadrant, reflective of the
first row of Table 2. Also visible is that the more clay soils have this same pattern while
the more sandy soils have the opposite pattern. The clay soils seem to govern the all-
soil pattern in the top row because at both extremes they have somewhat greater sen-
sitivities to soil moisture / temperature changes than the sandy soils.
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Table 2. Model soil properties averaged across all non-agricultural Midwest gridpoints.
Columns 2-4 are correlation coefficients between top-level soil temperature and soil moisture

(rrar), soil NO flux and soil moisture (rpas), and soil NO flux and soil temperature (rpr), re-

spectively.

Soil Texture Class rTM rEM rET Number

All -0.891 0.150 -0.173 17883

1 (sand) -0.948 -0.718 0.681 1615

2 (loamy sand) -0.317 -0.684 0.258 243

3 (sandy loam) -0.919 -0.490 0.468 5116

4 (silt loam) -0.682 -0.202 -0.067 4086

6 (loam) -0.937 0.336  -0.373 3399

7 (sandy clay loam)  -0.987 0.787 -0.818 8

8 (silty clay loam) -0.880 0.500 -0.437 871

9 (clay loam) -0.944 0.811 -0.853 1261

11 (silty clay) -0.740 0.612 -0.675 280

12 (clay) -0.880 0.744  -0.752 997

13 (organic material) 0.054 0.249 0.956 7
489 When we look at the PDFs (Figure 12, bottom row), we see that the peak of the
490 distribution is in the top left quadrant relative to the origin, again consistent with IOP2
a01 being generally warmer / drier than IOP1. However, we also see that this peak largely
492 reflects the sandy soils, while the clay soil PDFs have a relatively greater tendency to
403 be in the bottom-right quadrant. For each soil group these locations are those that are
404 associated with increased soil NO emissions. Thus when we take the product of the top
405 row with the bottom row to find contributions to the total IOP2 - IOP1 flux difference
496 (Figure 13), we can see how the overall positive flux difference is consistent with a PDF
a7 in the warmer / drier top left quadrant.
208 An obvious question is why the trends of soil NO fluxes vs. temperature and mois-
499 ture are opposite for the more clay and sandy soils. One feature of the more clay-based
500 soils is that their wilting point tends to be higher. As shown in the appendix, the nitri-
501 fication rates of the scheme increase most rapidly with soil moisture near the wilting point.
502 Thus for the clay-type soils a positive correlation between soil moisture and emission is
503 more likely (with a negative correlation between soil and emission the consequence of
504 the negative soil temperature / moisture correlation). However, for more sandy soils the
50 soil moisture dependence of emission is less significant, so soil emission would be con-
506 trolled by the soil temperature dependence.
507 3.5 Observational Verification
508 Now that the behavior of the soil NO parameterization has been examined as a func-
500 tion of season and soil properties, we now evaluate the WRF-Chem predictions with air-
510 craft observations taken during the spring and summer IOPs of the HI-SCALE field cam-
s11 paign (refer to the orange box in Figure 1 for the general location of these flights). These
512 flights were designed to sample the boundary layer or immediately above, generally at
513 altitudes 2 km AGL or less. We extracted modeled concentrations of trace gases and aerosols
514 along the same latitudes, longitudes, and altitudes, and at the same time as the aircraft

515 flight tracks for a total of 13 flights during 25 Apr — 14 May of the spring IOP1 and a
516 total of 19 flights during 29 Aug — 20 Sep of the summer IOP2. WRF-Chem model out-
517 puts were written every 30 minutes for this purpose.
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Figure 12. (Top row) Heat map of IOP2 - IOP1 emission differences of soil NO as a function
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Figure 13. Same as Figure 12, but showing the contribution of each point in the bottom row
of Figure 12 to the total IOP2 - IOP1 soil NO flux difference in the top row of Figure 12.

For both IOP1 (Figure 14a) and IOP2 (Figure 15a), the model without soil NO emis-
sions greatly underpredicts NO, while including soil NO brings the model predictions closer
to observations, although the model still underpredicts NO. However, the model with
soil NO emissions overestimates ozone by a few ppb during both IOPs (Figures 14b and
15b). The causes for the modeled ozone discrepancy are not known at present, although
they could range from shortcomings in the chemistry to incorrect predictions of clouds
and hence of solar flux, to incorrect specifications of deposition. However, the substan-
tial increase in ozone predicted by the simulation with soil NO compared to without soil
NO highlights the strong impact of soil NO emissions on predicted ozone. Thus, the pre-
dicted median ozone increases by 5 and 10 ppb during IOP1 and IOP2, respectively (Fig-
ures 14b and 15b). Since ozone is NO,-sensitive in this region (the modeled VOC to NO,,
ratio around the SGP central facility is 13 in IOP1 and 18 in IOP2 (not shown)), the
high sensitivity of ozone to soil NO emissions is expected and highlights the need to make
accurate NO measurements with low detection limits at sub-ppb levels.

Non-refractory aerosol chemical composition was measured using the Aerosol Mass
Spectrometer (AMS) onboard the aircraft. The AMS efficiently measures particles be-
low 700 nm aerodynamic diameter, with its aerodynamic lens transmission efficiency drop-
ping sharply above 700 nm diameter (Jayne et al., 2000). Therefore, we only compared
the sum of the first two size bins simulated by the model to aircraft AMS data, however,
AMS measurements might include some of the larger particles between 700 nm to 1 um
(Jayne et al., 2000). Figure 14c and Figure 15¢ show that the median and interquartile
ranges of the model simulations that include soil NO emissions are closer to observations,
while simulations excluding soil NO emissions greatly underpredict the AMS-observed
nitrate aerosol. However, even with soil NO emissions, the model underestimates mea-
sured nitrate aerosol.
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IOP2: Aircraft flights between August 29-September 20, 2016
L 70

(b) Ozone

Ny, ‘u"a

O; (ppb)

0.0 T = —— - 20 T — T -
Observed Model: Soil NOx Model: No Soil NOx Observed Model: Soil NOx Model: No Soil NOx
0.3 — L — L L
(c) Nitrate aerosol 5 (d) Organic aerosol L
&
€
2 4 L
& 3
= 0.2 L =
S 3
g o 31 L
iy ®
3}
b4 0.1- | .E 2 L
D
O 14 L
0.0- - - 0 T — T -
Observed Model: Soil NOx Model: No Soil NOx Observed  Model: Soil NOx Model: No Soil NOx

Figure 15. Same as Figure 14, but for IOP2.
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543 Part of the model underprediction might be due to the contribution of particles above

544 700 nm to nitrate aerosol, which were not included, since size bin 3 in WRF-Chem in-
545 cludes particles from 0.624 to 2.5 um, while the AMS aerodynamic lens transmission ef-
546 ficiency approaches zero for particles above 1 ym. Note that model predictions suggest
547 that uptake of nitrate on supermicron dust particles is significant (Fairlie et al., 2010;
548 Zaveri et al., 2021). In this work, the model predictions of nitric acid uptake on dust-
549 containing particles were slowed down by reducing the mass accommodation coefficient

550 from a fixed value of 0.1 to a RH-dependent value that ranges from 0.001 at 1% RH (dry)
551 to 0.178 at greater or equal to 90% RH (humid) (Fairlie et al., 2010; Zaveri et al., 2021).
552 Despite this reduction in nitrate uptake on dust particles, WRF-Chem predicts substan-
553 tial nitrate aerosol in size bin 3 (0.624 to 2.5 pm) and 4 (2.5 to 10.0 pm) that exceeds

554 nitrate aerosols in size bins 1 and 2. As discussed above, part of size bin 3 likely con-
555 tributes to the model-measurement differences. In addition, the AMS measures total ni-
556 trate (organic + inorganic), while the model predictions are just for inorganic nitrate aerosols.

557 Organic nitrates (forming a part of predicted SOA) are implicitly included in WRF-Chem
558 via oxidant and NO, dependent SOA yield parameterizations (Shrivastava et al., 2011),

559 however, estimating the organic nitrate contribution to simulated SOA is not plausible
560 given the multigenerational aging reactions of SOA precursors with multiple oxidants
561 in the atmosphere (OH, O3 and NOj radicals). Figures 14d and 15d show that soil NO
562 emissions minimally affect predicted total organic aerosols, with simulations including
563 soil NO being higher than those without. While the models (with and without soil NO
564 emissions) underpredict total organic aerosol during IOP1 (median of the models lower
565 by a factor of 2 compared to aircraft observations, Figure 14d), the models moderately
566 overpredict organic aerosols during IOP2 (modeled median is around 25% higher than

567 the observed median, Figure 15d).

568 In Figure 16 we now compare the concentrations of various species in the SNOx
569 (orange) and NoSNOx (blue) simulations against hourly surface-based Environmental
570 Protection Agency (EPA) measurements (U.S. Environmental Protection Agency, 2024)
571 across several sites in the central U.S. For NO; and O3 we calculate the model’s perfor-
572 mance with respect to observations in terms of mean normalized bias (MNB), defined

573 by the equation (1).

1 & (Mod; — Obs;)

MNB = - ; e (1)
574 where:
575 e n is the total number of observations,
576 « Mod; is the modeled value at the i*" observation,
577 « Obs; is the observed value at the i*" observation.
578 The results are binned according to the magnitude of the SNOx - NoSNOx differ-
579 ence in NO concentration. We can see that for NO the concentrations in simulation NoS-
580 NOx are consistently too small across all bins. For simulation SNOx, however, the bi-
581 ases, while still generally negative, are closer to zero, especially for bins > 1 — 2 ppb
582 difference. For these bins, we also see that the negative MNB values of O3 concentra-
583 tion in NoSNOx are also essentially eliminated in simulation SNOx; for the 0-1 ppb dif-
584 ference bin, the ozone concentration is also increased in simulation SNOx relative to NoS-
585 NOx, but neither simulation is clearly closer to the observations than the other.
586 EPA measurements reporting chemical composition of PMs 5 are available at daily
587 intervals. The bottom panel of Figure 16 shows scatterplots of the model (sum of first
588 3 size bins that encompass aerosol sizes between 0.039 to 2.5 pum) vs. observations. While
589 the scatter about the 1 : 1 lines is quite large for both simulations, we see larger neg-
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Figure 16. (Top left) Mean normalized bias of NO2 emissions relative to EPA observations
for simulation with soil NO, (orange) and simulation without soil NO, (blue), binned by NO,,
difference between the simulations. (Top right) Same as top left panel, but for Os. (Bottom

left) Scatterplot of modeled nitrate aerosol mass concentration vs. EPA daily observations for

simulation with soil NO, (orange), and simulation without soil NO, (blue).
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ative biases in nitrate for the NoSNOx simulation (slope of 0.54) that are mitigated in
the SNOx simulation (slope of 1.16).

Our results suggest that the inclusion of soil NO emissions improves model perfor-
mance with respect to measurements of NO gases and nitrate aerosols near the surface.
Simulated ozone increases due to soil NO emissions by 5-10 ppb during both IOPs, con-
sistent with NO,, sensitive regime of O3 due to high VOC/NO,, ratios in the central U.S.

4 Discussion

It is important to note that trends in both soil moisture and soil temperature are
important for determining regional-scale soil NO emissions, based on this parameteri-
zation. Diurnal variations are governed by soil temperatures changes due to its shorter
timescale of variability versus soil moisture; the systematic impact of the higher temper-
atures during IOP2 versus IOP1 is also important. However, within the Midwest region,
spatial variability of soil NO emissions relates to soil moisture patterns as much as, if
not more than, soil temperature patterns. This is particularly true for the set of more
clay-like soils, where the IOP2 - IOP1 flux patterns run counter to what one would ex-
pect from the soil temperature changes.

The strong negative correlation between soil temperature and soil moisture changes
across nearly all soil types is likely not a coincidence. It likely reflects the physics of the
impact of soil moisture on the surface energy balance (less moisture requires more ra-
diative energy input to be balanced by sensible versus latent heat fluxes, which requires
increased soil temperatures). If so, then it shows that soil moisture has strong impacts
of soil NO fluxes both directly in the parameterization as well as indirectly, through mod-
ulating the soil temperature. However, it is still hard to determine if the soil tempera-
ture / moisture correlation physically represents energy balance, or if it simply reflects
the fact that most model precipitation between IOP1 and IOP2 occurred in the south-
ern part of the Midwest, whereas most of the warming occurred in the northern part of
the Midwest. We should also note that while a soil moisture dataset with 1 km grid spac-

ing was utilized, the actual WRF-Chem simulations were performed at substantially coarser

resolution (12 km grid spacing). Simulations performed at higher horizontal resolution
(i.e., a few km) could thus be performed using this soil moisture dataset to more fully
determine the impact of soil properties on emission variability. Such simulations would
also have the benefit of permitting convective clouds to be at least partially resolved, and
thus the impact of cloud processing on gases and aerosols cloud be explicitly captured.

The preceding suggests that modeling soil NO fluxes accurately also requires an
adequate specification of soil textural mapping and properties. To some degree, the sys-
tematic flux differences between IOP1 and IOP2 reflect the coincidence of sandy soils
mainly warming / drying while clay soils were cooling / moistening. But Tai et al. (2025)
had noted that multiple soil moisture products, including the product developed in that
reference used here, had some difficulty representing soil moisture evolution for soils of
predominantly clay. Further investigation of this issue is warranted.

5 Conclusions and Future Work

We have successfully implemented a mechanistic soil NO scheme into WRF-Chem
and used it within regional scale simulations of the HI-SCALE IOPs to produce reason-
able concentrations. We have seen that, when integrated over the Midwest region as we
have defined it, the impact of soil NO emissions on the total NO, concentration can ap-
proach the impact of anthropogenic sources at night, amounting to 1-2 ppb. The net im-
pacts on integrated O3 concentration are up to 5-10 % and 5 ppb, and regionally can ap-
proach 10 ppb, which could affect non-attainment status in certain locations. We have
seen that the seasonal differences between an Apr-May and an Aug-Sep time period can
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potentially impact the total fluxes of soil NO emissions by about 25%. Having unbiased
and realistic representations of soil moisture and temperature, as well as other soil prop-
erties, is important for modeling these effects properly.

Simulations that include soil NO emissions, at least near the SGP site and more
generally over the U.S. Great Plains, have related species concentrations that match bet-
ter with surface and airborne observations, which tend to have strong negative biases
otherwise. So neglecting soil NO emissions may be at least be one factor contributing
to biases in chemical species predictions. However, significant model biases in trace gas
and aerosol concentrations exist even with the inclusion of soil NO and suggest that other
factors, beyond the scope of this study, contribute . More validation of the predictions
of the scheme, in terms of soil composition and emissions, should be performed wher-
ever feasible, across a range of geographical conditions. Other factors such as the impacts
of agricultural practices and land use modification should also be investigated further
for the best regional predictions.

Biases in modeled concentrations might also derive from the representation of chem-
ical processes, such as deposition. One possible source of error might be insufficient rep-
resentation of VOC emissions and concentrations due to their strong impact on NO, chem-
istry, as well as acting as potential precursors of SOA. In addition to local anthropogenic
sources, trees can emit VOC species such as isoprene in large quantities depending on
the region. New measurements at ARM’s Bankhead National Forest site in northern Al-
abama will provide an opportunity to validate the impact of soil NO emissions in forested
regions with a different mix of VOCs, providing further validation of the WRF-Chem
setup.

As noted previously, some of the biases might relate to differences in the way different-
sized aerosols are binned in the model and observed by the instrumentation. Case stud-
ies can be done using WRF-Chem chemistry packages that are more sophisticated than
the optimized one used here but too computationally expensive to apply over a whole
IOP period. In particular, expanding the number of MOSAIC bins to 8 or more is needed
to properly assess the full implication of enhanced NO, on aerosol size distributions.

Since the presence of soil NO in the model does lead to increasing nitrate aerosol
concentrations relative to organic aerosol, which are presumably more hygroscopic and
more able to serve as CCN, these emissions thus have the potential to influence the pre-
diction of cloud nucleation and other cloud properties. However, simulations at the cloud
resolving scale (few km) would be needed to fully assess this impact. It is also possible
that simulations at the cloud resolving scale would also produce better correlations of
modeled chemical species with aircraft observations.

Appendix A Soil temperature and moisture dependencies of scheme.

The soil moisture and temperature dependence of the soil NO parameterization largely
follow what is described in Rasool et al. (2019b). The rate of nitrification is a product
of pH, soil moisture, and soil temperature factors (though the rate is capped below a thresh-
old). The nitrification soil temperature factor is given by:

fyr = max(0.041 x (Ts — 278.15),0), (A1)

where T is the soil temperature in Kelvin. The nitrification soil moisture factor is given
by:

0.1 if Mg < Wp
~ max(0.1,0.1 4 0.9 x \J/wr, wy) if Wp < Mg < WGas
v =4 1.0 if WGa5 < Mg < Fo (A2)
max(0.1,1.0 — ws3) it Mg > Fc,

where Mg is the volumetric soil moisture, Wp is the wilting point, F¢ is the field capac-
ity, W5 is given by Wp 4+ 0.25 x (FC — Wp), w1 = (MS - Wp)/(FC - Wp), Wo =
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(Mg — Wp)/(WGa5 — Wp), and wy = (Mg — Fe)/(SAT — F¢), where SAT is the

volumetric soil moisture at saturation.

The rate of denitrification also is proportional to a soil temperature and soil mois-
ture factor. The soil temperature factor is not as given by Rasool et al. (2019b), but by
the following derived from EPIC:

for = max(0.0, (Ts — 273.15)/(Ts — 273.15 + exp(5.059 — 0.2504 x (Ts — 273.15)))). (A3)

The denitrification soil moisture factor is a function of water-filled pore space, WFPS =
(Ms—W,es)/(SAT—W,.es), where W, is the soil residual water. For the WRF-Chem
implementation W,..; = 0. The factor is then given by:

_ 4.82
fDM = mln(1~07 (14.016.00/(12.01.39xWFPS)))

(A4)

As noted in the text, WEFPS not only directly affects the rate of denitrification it-
self in the scheme, but it also impacts the soil gas diffusivity, which in turn impacts the
ratio of NO, to N2O emitted by both nitrification and denitrification.

Open Research Section

The WRF source code used to perform the simulations can be found at the follow-
ing Zenodo link: https://doi.org/10.5281/zenodo.15103163. The geographical datasets
of soil and land use properties used to supplement the WRF static datasets can be found
here (Rasool et al., 2019a): https://doi.org/10.3334/ORNLDAAC/1661. The 1-km soil
moisture data product used for these simulations (Tai et al., 2024) can be found at the
following Zenodo link: https://zenodo.org/records/14370563. Aircraft data were obtained
from the Atmospheric Radiation Measurement (ARM) User Facility, a U.S. Department
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