
Evidence of Large California Agricultural Soil NOx Emissions

Surface emissions estimates from airborne NOx observations
We used airborne measurements of NOx concentrations to estimate
regional emissions in the San Joaquin Valley. This allows us to fur-
ther verify our model and determine how NOx emissions from the
soil might affect regional compliance with ambient air quality stan-
dards, which are based on 1-hour and annual average concentration
thresholds (31). Our top-down approach involved repeated airborne
measurements of NOx made between Fresno and Visalia during the
summer of 2016 (fig. S3) in conjunction with the California Baseline
Ozone Transport Study (CABOTS) coordinated by CARB. Careful
accounting of the height of the atmospheric boundary, coupled with
direct measurements and some judicious estimates of all the terms in
the NOx concentration budget equation, allowed us to estimate sur-
face emissions (32) of NOx in the region of the flight experiment (see
the SupplementaryMaterials). The average of six flight days (three at
the end of July and three at the beginning of August) over a region of
~720,000 ha yielded a NOx emission estimate of 190 ± 130 metric
tons day!1. According to the CARB California Emissions Projection
Analysis Model (CEPAM) (33), which includes fossil fuel but not
natural sources, the sum of average summertime NOx emissions over
all three counties in the surrounding area (Fresno, Tulare, and Kings
covering over 3.1 million ha) amounts to 100 metric tons day!1. Al-
though the exact area and diurnal timing of the emissions from the
CEPAM inventory cannot be precisely compared to the spatial and
temporal footprint of our airborne sampling, the comparison be-
tween the CEPAM inventory and airborne sampling shows that soil
emissions are likely a very important source of atmospheric NOx,
especially in the agriculturally intensive San Joaquin Valley. In this
case, the agricultural soil source would need to account for at least

47% of the total NOx emissions or a regional flux of 12.4 kg of N ha!1

year!1 (table S4). We consider this to be a conservative estimate be-
cause the county inventoriesmake up amuch larger area than the flight
domain. Furthermore, the flights did not span either commuter rush
hour, when NOx emissions are at their daily peak. We conclude that
soils most likely contribute amajority of all NOx emissions to the atmo-
sphere in the agriculturally intensive central San Joaquin Valley.

Comparing emissions estimates between methods
We compared surface emissions estimates for the San Joaquin Valley
with soil model estimates for the same region (fig. S3 and table S4).
Using year-round mean emissions for both natural and cropland
soils, our model generated an annual flux of 24 kg of N ha!1 year!1

for the central San Joaquin Valley, between Fresno and Visalia, and
as high as 36 kg of N ha!1 year!1 during the season of the airborne
measurements (July to August), which yielded fluxes ranging from
14 to 39 kg of N ha!1 year!1. The correspondence between the bottom-
up and top-down estimates builds robustness into our estimates for
statewideNOx emissions and confirms ourworking conclusion for sub-
stantial NOx emissions from fertilized croplands in the Central Valley.

Our soil model estimates are slightly higher than, although com-
parable with, the few number of empirical measurements of NOx emis-
sions from the San Joaquin Valley’s cropland soils (made between July
and September of 1995) (14), which ranged from 0.1 to 14 kg of N ha!1

year!1 (Table 1). That we estimate higher soil NOx fluxes via the top-
down and bottom-up approaches is consistent with more recent em-
pirical measurements (13), suggesting that increases in N fertilizer

Fig. 2. Estimates of NOx emissions from California soils (natural and cropland)
generated by using stable isotopic modeling and IMAGE model. Fig. 3. Nitrogen fertilizer inputs to California soils. Fertilizer application rates

are generated based on crop type, using crop-specific data provided by the DWR
of California and USDA fertilizer consumption database for 1964 to 2006.
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Almaraz et al. (2018) suggest soil NOx
emissions represent 25-40% of statewide 

total (20%-30% from agricultural soils)

We find NOx emission pulses in response to irrigation alone, a
response consistent with a previously described hypothesis that
fertilized soil will continue to exhibit pulse NOx emission
behaviour with multiple irrigation events2. Long-term effects of
fertilization on soil NOx production may therefore significantly
contribute to annual NOx budgets. Models often assume
agricultural systems maintain constant soil-moisture
conditions33; however, soil surface drying between irrigation
events is common in high-temperature arid agroecosystems34.
Our results stress the importance of understanding how
combined fertilization and irrigation practices influence soil
NOx emissions.

Soil NOx models often assume NOx emission exponentially
increases with temperature until a plateau is reached above 30 !C
(ref. 9). Our results highlight nonlinear responses in NOx
emissions above 30 !C, where soil NOx emissions increase 38%
on average as soil temperatures increase from 30–35 to 35–40 !C

(Fig. 1). While exponential relationships between soil temperature
and soil NOx emissions are valuable for predicting flux, these
responses need to be parameterized to different environmental
conditions. This is especially true in high-temperature environ-
ments such as the Imperial Valley where microbial acclimation to
high temperature and/or increased contributions of deeper and
cooler soil layers (410 cm) to surface NOx emissions may be
significant. While we did not observe inhibition of NOx emissions
above 35 !C, higher temperatures than those covered in this study
(440 !C) may reveal inhibition of NOx emissions.

We find evidence that the regional air chemistry model
WRF-Chem underestimates soil NOx emissions, tropospheric
NO2 columns and, at times, surface NO2 concentrations
in the Imperial Valley. Default WRF-Chem simulation of soil
NOx emissions from agricultural land was on average
2.0 ng N m! 2 s! 1 (Fig. 6b), much lower than observed in
the Sorghum field (on average 65 ng N m! 2 s! 1 across all
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Figure 6 | NO2 and O3 distributions from WRF-Chem and OMI above the Imperial Valley. Distribution of tropospheric columnar NO2 retrieved by
(a) OMI across 3 days (25, 28 and 29 September 2012) measured at 12:00–13:30 local time. WRF-Chem (b) surface NO2 emissions (ng N m! 2 s! 1) and
(c) tropospheric NO2 columns are also shown across the same 3 days at 12:00–13:30 local time. Soil NO2 emission rates from cropland were elevated
within WRF-Chem (e) 10" and (g) 64.5" above default resulting in higher tropospheric NO2 columns. WRF-Chem simulations of surface O3

concentrations (p.p.b.v.) are also shown corresponding to the (d) default, (f) 10" and (h) 64.5" elevated soil NO2 emission runs. All tropospheric NO2

column units are in 1019 molecules NO2 per m2. The Imperial Valley study region is circled in black in each panel. Nearby cities are also indicated within
each panel as San Diego (SD) and Los Angeles (LA).
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Oikawa et al. (2015) suggest models 
underestimate soil NOx emissions by 10-

65 times in the Imperial Valley

Valley on 10 July are 65% higher than that of TROPOMI
(Figure 3b). This may be because the simulated precipitation
began on 9 July, which caused the !rst NOx pulse in the
Sheephole Valley after a long dry period. However, even with
this precipitation, WFPS on July 9 is below 0.3 (soil moisture
threshold to determine the timing of NOx pulsing). Hence,
when the simulated precipitation still appeared on 10 July, the
model simulates the second NOx pulse, causing the BDISNP
to estimate greater emissions for multiple days and over-
estimate NO2 columns on 10 July (Figure 3c,d). Huber et al.29

suggested that a threshold of 0.3 for WFPS in BDSNP may
overestimate emissions at lower soil moisture and under-
estimate emissions at higher soil moisture for some cropland
soils. Therefore, the threshold of WFPS can be optimized
further by comparing with ground-based measurements of
NOx "uxes in future studies. Furthermore, the BDISNP-
simulated precipitation and soil moisture have a certain bias in
comparison with the observations. Accurate meteorological
!elds are critical to simulate the timing and distribution of
SNOx when emissions are dominated by pulsing processes and
require further study.
3.4. Impact of Soil NOx Emissions on Air Quality. With

the implementation of BDISNP in WRF-Chem showing an
improved simulation of atmospheric NOx distribution, we
quantify the e#ects of SNOx on air quality in California. Figure
4 shows the proportion of SNOx to total NOx emissions in July
and the change in monthly mean surface NO2 and O3
concentrations due to the e#ects of SNOx, calculated as the

amount of di#erences between BDISNP and NoSNOx
simulations. We found that the substantial NOx emissions
from soils in California, a previously overlooked source, can
contribute to 40.1% of the state’s total NOx budget (Figure
4a). Over croplands with high fertilizer application, such as the
Central Valley and Imperial Valley, the NOx from soils rivals
anthropogenic contributions, which account for 50.7%. A
larger proportion of SNOx is found over drylands in Southern
California in comparison to croplands, suggesting that wetting
dry desert soils after precipitation to produce large emission
pulses could cause SNOx to exceed anthropogenic sources,
accounting for 76.1%. Our results are consistent with a prior
study on SNOx estimates by using bottom-up models and
spatially and temporally limited airborne measurements,61

suggesting that agricultural soils could contribute to 20!51%
of California’s total NOx emissions. Such large amounts of
NOx emissions from soils have signi!cant impacts on air
quality, which increase the monthly mean surface NO2
concentrations by 1.2 ppbv (176.5%) in California, 3.0 ppbv
(114.0%) in croplands, and 1.1 ppbv (183.8%) in drylands.
The monthly mean surface O3 concentrations also increase by
up to 8.4 ppbv (23.0%) in California, 7.3 ppbv (23.2%) in
croplands, and 9.5 ppbv (24.8%) in drylands (Figure 4b,c and
Figure S9).
On consideration that SNOx has such a large in"uence on

surface NO2 and O3 concentrations in rural California, we
compared the diurnal variation of modeled NO2 and O3 with
EPA observations over the downwind area of Los Angeles (the

Figure 4. (a) Distribution of simulated contribution of SNOx to total NOx emissions. The grids where the monthly total anthropogenic NOx
emissions are lower than 0.002 gN m!2 mon!1 are masked to better compare the relative importance of SNOx with anthropogenic sources. (b, c)
Changes in surface NO2 and O3 concentration by the e#ects of SNOx, calculated as the di#erences between BDISNP and NoSNOx simulations.
Statistics in the upper right corner of (a)!(c) are the mean values averaged over the region of California (CA) and cropland (CL, shown as yellow
land types in Figure S1b), respectively. The gray dotted lines are roads in California. Diurnal variations of (d) simulated SNOx "uxes, (e) surface
NO2, and (f) O3 concentrations from the simulations (Default and BDISNP) and observations in the rural area downwind from Los Angeles,
California, during July 2018. Statistics in (d) are the mean value ± standard bias. Statistics in (e) and (f) are the mean value ± standard bias and
correlation coe$cients between observations and simulations.
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Sha et al. (2021) suggest soil NOx
emissions represent 40% of total 

emissions (51% of cropland)



California's NOx Inventory Appears Anomalous

• Almaraz et al. (2018) argue that agricultural soils are anywhere from 20-32% total (+5-9% from natural soils): 25-40% soils

• Guo et al. (2020) ran DNDC soil biogeochemistry model and concluded, "nothing to see here" (1.1% NOx from CA soils)

• Sha et al. (2021) adjusted T-dependence of soil source and estimated 40% of CA NOx from soils (in July 2018).

• Parrish et al. (2017) shows San Joaquin and Coachella Valleys as having anomalously large background O3 levels

Source 
(Tg Na-1)

CARB (2017) US EPA (2017) GEOS-Chem 
(Silvern et al., 2019)

GEOS-Chem 
(Hu et al., 2017)

mobile 0.12 1.53 1.2 (46%) 29.6 (60%)

Other industrial 0.03 1.04 -- --

Lightning -- -- 0.8 6.0 

Soils 0.0024 (1.1%) -- 0.45 (18%) 9.7 (20%)

Open Fire -- -- 0.1 3.7

"Natural" 0.013 (7.8%) 0.11 (4%) 1.35 (54%) 19.4 (40%)

Total 0.162 2.69 2.6 49.0

California National (CONUS) Global



Long-term Ozone Trends Show Limiting Returns in Many Rural Regions 
Parrish, Derwent, & Faloona (2021) present
a synthesis of analyses arguing that the
decadal background tropospheric O3 is
convex (~ +5 ppb/decade in 1980's/90's)
peaking around 2005 (~ -1 ppb/decade
since).

Using that shape for the background
superposed onto an exponential decay due
to composite regulatory actions (with a
lifetime of ~22 years) a spatial pattern of
baseline ('a' parameter) ozone reveals
elevated levels in specific places (SJV &
Salton Sea basin).

These regions are where agricultural
intensity and wildfire impacts (and
potentially vertical mixing) are high.
(Parrish et al., 2017; Parrish, Faloona, &
Derwent, in press).

See Lieb poster (816, Weds. 5:00) for more
on soil NOx in Salton Sea basin
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