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model discrepancies in a heavily
polluted air basin using UAV vertical profiles and
sensitivity analyses†

Zihan Zhu,‡ab Khanh Do, §ab Cesunica E. Ivey {*ab and Don R. Collinsab

An unmanned aerial vehicle was deployed daily in Riverside, CA from August to November 2020, capturing

vertical ozone and particulate matter measurements. Flights took place in the early morning and late

afternoon, resulting in 321 vertical profiles from the surface to 500 m above ground level. The measured

ozone mixing ratio is statistically compared with ground-based measurements at the Riverside–Rubidoux

regulatory air monitoring site in Jurupa Valley, CA and with CMAQ simulated concentrations to assess

consistency with the nearest reference monitor and model skill at reproducing the observed vertical structure,

respectively. The default model configuration overestimates ground-level ozone by 17.7 ppb in the morning

and underestimates it by an average of 2.9 ppb in the afternoon. The sensitivity of the model to factors such

as planetary boundary layer (PBL), eddy diffusivity, NOx emissions, and VOC emissions is investigated by

modifying key physics and emissions settings in a series of simulations. We found that our default PBL scheme

used in the default CMAQ simulation negatively biases the PBL height in the nighttime and positively biases it

in the daytime compared to the observations retrieved from a ceilometer. For the observational region of

interest, NOx emissions are concluded to be largely underestimated, leading to biases in modeled ozone

concentration. We conclude with recommendations for achieving model parity with localized measurements.
Environmental signicance

Unmanned aerial vehicle measurements of vertical ozone proles facilitated the uncovering of potential underestimations in gridded NOx emission estimates
for a heavily burdened air basin. Diel discrepancies were also seen for planetary boundary layer height based on ceilometer measurements, and subsequent
model adjustments improved ozone mixing ratio simulations for the lower 500 meters of the CMAQ model simulation. Findings reect potential mechanistic
discrepancies over inland Southern California, which features complex terrain, hot and dry climate, and abundant secondary pollutant formation.
1 Introduction

Air pollution is a major health risk factor globally. Ground-level
ozone is one of the six criteria air pollutants regulated by the
United States Environmental Protection Agency (U.S. EPA)
because of its adverse impacts on human health. Globally, it is
linked to over one million premature deaths annually.1,2 More-
over, tropospheric ozone is a short-lived climate pollutant that
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contributes to global warming.3 It is mainly formed in the
atmosphere through chemical reactions involving ozone precur-
sors includingNOx, CO, and volatile organic compounds (VOCs).4

The South Coast Air Basin (SoCAB) in Southern California is
one of the most severely polluted regions in the U.S., suffering
from excessive tropospheric ozone pollution. The concurrent
state-wide tightening of VOC8 and NOx emissions regulations
have made great progress in reducing the maximum hourly
average mixing ratios of ozone from 490 ppb to 140 ppb during
the past 30 years.5 However, several studies show the ozone
concentration has again started to increase.6,7 Despite signicant
regulatory efforts, in 2020 the SoCAB still experienced 142 days
exceeding the 70 ppb daily maximum 8 hour average National
Ambient Air Quality Standard (NAAQS).5 Challenges to under-
standing ozone pollution in the SoCAB include the diversity of
emissions sources and the complicated transport due to the
terrain (i.e., surrounding mountain ranges).

The challenge to reach attainment of the 8 hour ozone
NAAQS using current control strategies motivates the need to
reconsider mitigation scenarios. Comprehensive atmospheric
Environ. Sci.: Atmos., 2024, 4, 1051–1063 | 1051
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models have contributed further insights through their
prediction of the response of surface ozone to emissions control
strategies. However, biases commonly exist between model
simulated ozone and ground site measurements.8,9 Previous
studies have found that complex patterns of vertical transport of
ozone affect model simulation accuracy signicantly.10–13

Near-surface and alo measurements are oen used to quan-
tify uncertainties in model simulations.14–17 There have been
dozens of large-scale campaigns in Southern California, including
the Southern California Ozone Study (SCOS) and the California
Research at the Nexus of Air Quality and Climate Change study
(CALNEX). In those and other studies, the deployment of airborne
instrumentation is oen limited in duration and domain, and
generally are restricted to heights of 1 km and above. Recently, the
surface to a few hundred-meter layer void is being lled through
use of unmanned aerial vehicle (UAV) technology for earth science
applications. Chen et al.,18 Guimarães et al.,19 Gronoff et al.,20 and
Tirado et al.21 have carried out ozone vertical prole measure-
ments using UAVs over Shanghai, Amazonia urban areas, and
Chicago, respectively. Their successful deployments highlight the
value of UAV measurements for air composition characterization
and vertical distribution assessment.

In this paper, we discuss the results from a 4 month-long
campaign during which a UAV was used to measure daily
vertical proles of ozone and particulate matter. The UAV was
deployed from August to November 2020, resulting in 321 vertical
proles from the surface to 500 m above ground level (AGL)
collected in the early mornings and late aernoons when the
atmosphere is generally most stratied. The measured ozone
concentration proles are statistically compared with monitoring
station measurements and Community Multiscale Air Quality
(CMAQ) model simulations. The height of the top of the planetary
boundary layer (PBL) estimated from a ceilometer is leveraged to
help understand the potential contributors to CMAQ model bias
related to vertical meteorological structure. CMAQ sensitivities to
PBL height, eddy diffusivity, NOx emissions, and VOC emissions
are investigated due to their importance in vertical pollution
proles in the model.
Fig. 2 The experimental system included the (a) DJI Matrice 600 Pro,
(b) 2B Personal Ozone Monitor, (c) OM-141 temperature and humidity
data logger, and (d) APT MINIMA particle sensor.
2 Methods
2.1 Site description

The city of Riverside is located in the SoCAB of Southern Cal-
ifornia, approximately 80 km east of downtown Los Angeles. In
Fig. 1 Satellite images of the launch site in Riverside, California, United
main campus of the University of California, Riverside are identified. Inters
campus. (Map data: Google, 2023).

1052 | Environ. Sci.: Atmos., 2024, 4, 1051–1063
2020, it had a population of 314 998 over an area of 211.17 km2.
The mean accumulated precipitation from August to November
in 2020 was approximately 0 mm (University of California,
Riverside). The monthly mean surface air temperature during
the measurement period was between 17.72 °C and 26.22 °C.
The launch site (Fig. 1) is inside the University of California,
Riverside's Agricultural Operations Research Station
(33.965083, −117.342417). The Agricultural Operations area is
mainly covered by citrus trees and various other plants. The
launch site is located in suburban Riverside and is approxi-
mately 1.2 km southwest of U.S. Interstate 215.
2.2 Platform and instrumentation

In this study, a customized hexacopter UAV (model Matrice 600
Pro; DJI Innovations, China) was used as the ight platform
(Fig. 2). It has a maximum ight duration of about 30 minutes
and a maximum payload weight of 5 kg. Flight records
including ight time, speed, altitude, latitude, and longitude
were retrieved from the DJI GO app.

A Personal Ozone Monitor (POM; 2B Technologies, Inc.,
Colorado, USA) was mounted inside an enclosure with a short,
peruoroalkoxy (PFA)-lined inlet tube with 0.635 cm outside
diameter extending outside and underneath the UAV's body.
The ultraviolet absorption-based POM has a precision of the
higher of 1.5 ppb or 2% of the reading. The POM's default
States at varying scale. The nearest regulatory monitoring site and the
tate 215 stretches diagonally between the launch site and themain UCR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adaptive lter to average the data was turned off to obtain the
raw data. The measurement time interval was 2 s with
a sampling ow rate of 0.8 L min−1 to obtain a vertical resolu-
tion of approximately 1.2 m for the nominal ascent and decent
rate of 0.6 m s−1. The raw data were averaged over a sliding
window of length 30 across adjacent elements, and outliers
were removed. Outliers were dened as the values that fall more
than two standard deviations away from the mean in their
respective windows.

Particulate matter concentration was measured using
aMINIMA optical particle counter (Applied Particle Technology,
California, USA). The MINIMA measures low-resolution size
distributions and uses them to estimate PM1, PM2.5, and PM10

every 15 s. The data were uploaded to its vendor-hosted web
interface via a mobile hotspot in real time.

Temperature and relative humidity were measured using
a portable temperature and humidity data logger (OM-141;
Omega Engineering Inc., Connecticut, USA). Its accuracy is
±1.0 °C for temperatures ranging from −10° to 40 °C and ±3%
for relative humidity ranging from 20 to 80%.
2.3 UAV ights

Between 16 August and 30 November 2020, 321 proles were
measured. Routine ights were conducted every day both early
in the morning around sunrise and late in the aernoon around
sunset as permitted by weather conditions. The ight operation
times are shown in Fig. 3 with sunrise and sunset times as
references. The morning ight time was selected when the PBL
is theoretically at its lowest, while still providing sufficient light
for safe UAV operations, while the aernoon ight time re-
ected the highest PBL. The UAV was controlled using the DJI
GO app to y a round trip vertically to 500 m above ground level
at a constant vertical velocity of 0.6 m s−1. A waiver was
approved by the Federal Aviation Administration (FAA) to allow
ights up to 500 m AGL rather than the standard 120 m.
2.4 Ground observation data

Ozone measurements from the South Coast Air Quality
Management District (SCAQMD) Riverside-Rubidoux air moni-
toring site (33° 590 5800N 117° 240 5700W) were used for
Fig. 3 Daily flight times relative to sunrise and sunset (U.S. Pacific
daylight time zone).

© 2024 The Author(s). Published by the Royal Society of Chemistry
comparative analyses. The monitoring site is approximately 8
km northwest of the UAV launch site. Data were downloaded via
the Air Quality and Meteorological Information System, which
is managed by the California Air Resources Board (CARB).5

Observed boundary layer heights were estimated using data
from a ceilometer (CL51; Vaisala Inc., Finland), also operated at
the Riverside-Rubidoux air monitoring site. Boundary layer
heights were assumed to be the height above ground level at
which the gradient of the backscatter coefficient was most
negative.
2.5 CMAQ modeling description

The Community Multiscale Air Quality (CMAQ) model was used
to simulate vertical ozone proles for comparison with ight
measurements. We chose CMAQ as it is widely used for NAAQS
compliance purposes. CMAQ was used to simulate daily ozone
mixing ratios from August to November 2020. Baseline emis-
sions were modied accordingly to capture traffic reductions
during periods of reduced anthropogenic activity caused by the
COVID-19 pandemic. The model was compiled and run with the
GFortran compiler on a dual Xeon workstation running the
Ubuntu operating system. The model was run with a congu-
ration provided by SCAQMD that has 4 km horizontal grid
spacing and 11 vertical layers over the SoCAB. There are 7 layers
that fall within the height range of UAV ights.

The SAPRC07tc_ae6_aq chemical mechanism option
(SAPRC07tc photochemical mechanism, aerosol module 6, and
aqueous chemistry) was used due to its relevance to Southern
California NOx-VOC-ozone regimes. Gridded emission inputs of
73 air pollutants were provided as daily emission les with
hourly temporal resolution. Details of the SAPRC-07 gas-phase
mechanism and an overview of CMAQ's governing processes
may be found in the works of William P. L. Carter and Byun and
Schere, respectively.22,23 The Weather Research and Forecasting
(WRF) model version 3.9 was used to generate meteorological
inputs for the CMAQ simulations. The optimal WRF options for
the SoCAB are USGS land use, thermal diffusion surface physics
scheme,24 and Yonsei University planetary boundary layer
scheme.25 We combined initialization data from the North
American Mesoscale (NAM) Forecast System with NOAA high-
resolution sea surface temperature (SST) nudging to improve
the accuracy of meteorological inputs.26

The innermost modeling domain has a horizontal grid
spacing of 4 km (domain 3), covering fully the SCAQMD region
(Fig. S1†), and domain 3 consisted of 156 × 102 grids nested
one way within domains 1 (36 km) and 2 (12 km). More infor-
mation on baseline model performance using this congura-
tion can be found in a preceding study.27

The 2020 gridded emissions modication for CMAQ inputs
was carried out using a two-step calculation. For the rst step,
lockdown-based 2020 SCAQMD emissions were modied from
2019 baseline emissions using a correction factor. The linear
correction factor (eqn (1)) was based on previously acquired
SCAQMD future emission projections from 2012 to 2034, from
which 2020 pre-lockdown emissions estimates were obtained.
The correction factor was applied for seven air pollutant groups
Environ. Sci.: Atmos., 2024, 4, 1051–1063 | 1053
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(total organic gases, reactive organic gases, CO, NOx, SOx, NH3,
PM) based on total annual emissions.

Correction factor ¼ 2020 emis� 2019 emis

2019 emis
(1)

The second step involved correcting for lockdown-induced
traffic volume reductions that began in March 2020 and
slowly (but not fully) rebounded as 2020 progressed. Pre-
lockdown SCAQMD emissions projections did not reect the
unforeseen traffic reduction that decreased actual mobile
source emissions. The 2020 weekly traffic changes were derived
from the CalTrans Performance Measurement System (PeMS),
from which the changes in total traffic ow and speed at 2991
locations in Southern California were acquired.28 Since traffic
Fig. 4 Vertical profiles of (a, c, e) ozone mixing ratio (ppb) and (b, d, f) PM
AGL on 4 September 2020 at 07:48 AM (PDT) (top row), 4 October 20
(bottom row).

1054 | Environ. Sci.: Atmos., 2024, 4, 1051–1063
observations were not evenly distributed over the 4 km model
domain, we used the k-nearest neighbors method to assign
traffic data for grid cells with less than or equal to 5 PeMS
observations. For grid cells with more than ve data points, we
rst normalized the individual measurements by traffic volume
and then averaged the normalized data.

We explore CMAQ model sensitivity to emissions of NOx and
VOCs, eddy diffusivity, and PBL. The eddy diffusivity is used in
the model to characterize the vertical mixing. We hypothesized
that surface ozone concentration would be underestimated if
vertical mixing was too strong (i.e., eddy diffusivity is too large).
We also hypothesized that biases in diel PBL patterns would
lead to discrepancies in modeled vertical proles. The ESI†
includes an explanation of CMAQ vertical mixing parameteri-
zation for reference.
1, PM2.5, and PM10 concentration (mg m−3) from the surface to 500 m
20 at 06:59 (PDT) (middle row), and 21 October 2020 at 17:54 (PDT)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 Vertical prole patterns

A total of 321 UAV proles were collected in this study. A
representative prole for the morning ights is shown in Fig. 4a
and b, with the steep increase in ozone mixing ratio by more
than 60 ppb between 100 and 300 m in altitude, indicating the
Fig. 5 Distributions of temperature profiles for morning and afternoo
centerline of each box is the median, the left and right of each box are th
interquartile range of the data. Outliers are shown as red squares.

© 2024 The Author(s). Published by the Royal Society of Chemistry
height of the boundary layer. The PM2.5 and PM10 concentra-
tions decreased by about 10 mg m−3 over the same altitude
range, while the change in PM1 was not as pronounced. Another
example of a morning prole is shown in Fig. 4c and d, in which
the ozone mixing ratio shows a smooth change from about
20 ppb at the surface to over 80 ppb at 500 m AGL. This is
consistent with the prole expected when ozone formation is
n flights. Data reflect measurements captured during ascents. The
e first and third quartiles, respectively, and the whiskers are within 1.5 ×

Environ. Sci.: Atmos., 2024, 4, 1051–1063 | 1055
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slower than depletion in a vertically stratied layer. The PM
proles are similar to those in the preceding example, with
PM2.5 and PM10 both decreasing by about 10 mg m−3 across the
altitude range of 100 to 200 m.

Late aernoon proles typically show no strong gradient in
ozone. In the Fig. 4e and f proles, the ozone mixing ratio is
nearly constant at 75 ppb from the surface to 500 m AGL. The
PM2.5 and PM10 proles increased gradually by about 10 mg m−3

with increasing altitude. This is believed to result from efficient
vertical mixing accompanying boundary layer growth during the
daytime. Consistent with the examples provided, the PM
proles were generally less inuenced than the O3 proles to
the change in boundary layer heights between morning and
aernoon.

The morning ozone proles exhibited a steep increase in
ozone mixing ratio with respect to vertical height, as shown in
Fig. 4a and c. On 4 September 2020 (Fig. 4a), the sunrise
occurred at 6:26 AM, and the measurements started at 6:48 AM.
Since the measurements began aer sunrise, we observed the
start of boundary layer mixing through the vertical ozone
prole. In the rst 100 meters above the ground, the change in
ozone concentrations was minimal due to the heat ux. The 21
October 2020 aernoon vertical ozone prole is driven by the
heat ux, resulting in little change in concentrations (Fig. 4e).
We also examined the distribution of measured morning and
aernoon temperature proles (Fig. 5). Monthly median
temperature increased with height in the morning proles,
which corresponds to the pattern of ozone increase with alti-
tude in the morning. Aernoon temperature and ozone proles
reect well-mixed conditions.
Fig. 7 Comparison of model-simulated (left) and UAV-measured
(right) ozone mixing ratios. The centerline of each box is the median,
the left and right of each box are the first and third quartiles, respec-
tively, and the whiskers are within 1.5 × interquartile range of the data.
Outliers are shown as black dots.
3.2 CMAQ model comparisons with ground and UAV
measurements

Measured ozone vertical proles were compared to those from
default CMAQ simulations and to ground observations from the
Riverside-Rubidoux monitoring site. Fig. 6a shows the UAV-
measured data and the hourly simulated data plotted against
the monitoring site hourly data for the same period along with
the linear regression ts. The average of the UAV measurements
Fig. 6 (a) Comparison of UAV-measured and model-simulated ground
data. (b) Frequency distributions of near-surface O3 from themodel simu
site.

1056 | Environ. Sci.: Atmos., 2024, 4, 1051–1063
while below 5 m AGL and CMAQ's bottommost layer (height
typically under 18 m AGL) are considered to be the ground-level
concentrations in this analysis. The R2 for the relationship
between the UAV and monitoring site data (0.85) is higher than
that for the relationship between the CMAQ andmonitoring site
data (0.56). Based on the tted equations, the default CMAQ
model exhibits a notable bias towards high concentrations at
low levels, while displaying lower sensitivity to elevated ozone
concentrations. Compared with the results from the default
CMAQ simulations, the frequency distribution of O3 measured
by the UAV shown in the Fig. 6a also matches better with the
ground monitoring observations (Fig. 6b).

The box plot in Fig. 7 reveals that the interquartile range of
the default CMAQ simulation does not reect the broader range
of that for UAV measurements near the ground in this case. The
gradient of the vertical prole from the simulations is smaller
than that from the UAV observations. The default CMAQ's
difference performance across different altitudes highlights the
necessity for exploring its responsiveness to various parameters.
-level ozone mixing ratios with the corresponding air monitoring site
lations and frommeasurements from the UAV and from themonitoring

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3 Evaluation and model inter-comparisons

Ground-level ozone concentration is inuenced by local ozone
production, chemical and depositional loss, and mixing in both
horizontal and vertical directions. CMAQ's performance varies
across different altitudes, and the discrepancy exists in concen-
tration gradients compared to UAV observations, which indicate
bias frommixing in vertical direction.We posit that the bias from
mixing in the vertical direction is mainly controlled by the model
representations of the PBL. Ozone is formed via a series of
photolytic reactions involving NOx and VOCs. The daily
maximum surface ozone concentration varies nonlinearly with
the precursor concentrations. This process is illustrated in Fig. 8,
highlighting the nonlinear relationship between the concentra-
tions of O3, NOx, and VOCs. The sensitivity of modeled ozone
concentration to the PBL, NOx concentration, and VOC concen-
tration is explored in sections below by modifying key parame-
ters: PBL height, eddy diffusivity, NOx emissions, and VOC
emissions. The net photochemical O3 production rate, P(O3), can
be written approximately as the following equation (eqn (2)):29

PðO3Þ ¼ kNOþHO2
½NO�$ð½HO2� þ ½RO2�Þ (2)

3.3.1 Impact of PBL change. The Yonsei University (YSU)
PBL scheme was used here as the baseline scheme to generate
Fig. 8 Ozone production as a function of NOx concentration for three
levels of VOCs.

Fig. 9 Comparison of PBL heights based on CMAQ's baseline default
PBL scheme (red stars) and the modified PBL height, which was
constrained by that determined from the ceilometer data (blue stars).
Data are averaged over the entire study period.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the original WRF PBL.25 Fig. 9 shows the default PBL height
generated inWRF (original) and the estimated PBL height using
the ceilometer's backscatter coefficient measurements (modi-
ed). The modied PBL height is estimated from the ceilometer
to be where the backscatter coefficient's gradient is most
negative. For reference, a study based on an over decade-long
dataset of PBL heights measured using commercial aircra
soundings at the Ontario International Airport, approximately
25 km from the UAV measurement site, reported a median PBL
height of approximately 400 m in the early morning and 500 m
in the early evening.29 PBL heights estimated in this study using
the ceilometer data agree with the referenced study. There were
diel discrepancies in modeled PBL heights determined by the
YSU scheme, hence the application of our ceilometer-based
modication.

A lower PBL height will be associated with shallower vertical
mixing and higher near-surface NOx and VOC concentration. In
the daytime, higher precursor concentrations will generally lead
to increased ozone production, while higher NOx concentration
at night leads to overall consumption of ozone via its reactions
with NO and NO2. PBL height was adjusted by applying a global
correction factor to better reect the ceilometer observations,
which made the modeled PBL height higher in the nighttime
and lower in the daytime (Fig. 9). Compared to the default PBL
scheme, the modied PBL height led to a 2 ppb increase in the
morning and a 0.6 ppb increase in the aernoon (Fig. 10), and
slight improvement on decreasing the fractional bias of about
0.003% for all time ranges. Here, fractional bias is calculated
using eqn (3), where M is the ozone mixing ratio from CMAQ,
and O is the observed (ground-level) ozone mixing ratio.

% Fractional bias ¼ 1

N

X ðM�OÞ
ðMþOÞ

2

� 100% (3)

3.3.2 Impact of eddy diffusivity. The eddy diffusivity is also
used in the model to characterize the mixing level. While the
bulk Richardson number assesses the relative importance of
convection and the turbulence generated by mechanical shear,
the eddy diffusivity characterizes the efficiency of turbulent
mixing within the uid.30 Considering that the YSU scheme is
based on the bulk Richardson Number rather than eddy diffu-
sivity,25 to further examine the effect of vertical mixing in the
model, we decreased the eddy diffusivity by 20%. The eddy
diffusivity is expected to have an impact similar to that of
changing the PBL height in that decreasing diffusivity would
cause increases in ground-level concentrations of NOx and
VOCs, which is the expected impact of a decreasing PBL height.

The mean surface ozone mixing ratios were 1.8 and 0.2 ppb
lower than those from the default version of the simulation in
the morning and aernoon, respectively (Fig. 11). The morning
change is expected, reecting higher concentrations of morning
precursors. Referencing the path from A to D in Fig. 8,
decreased eddy diffusivity is expected to lead to increased
concentrations of NOx and VOC, though the change had rela-
tively little impact on themodeled ozone prole gradients in the
morning. The less pronounced decrease in aernoon ozone is
Environ. Sci.: Atmos., 2024, 4, 1051–1063 | 1057
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Fig. 10 (Top) Averaged near-surface simulated ozone diurnal cycle for default (black) and PBL-modified (red) CMAQ. (Bottom) Fractional bias for
default and PBL-modified CMAQ vs. ground monitoring = at the Riverside-Rubidoux monitoring site based on all measurement days.

Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
11

:0
5:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the result of perturbing an already well-mixed aernoon state,
and the modication impacts were not as signicant as those
observed in the morning. Compared to the default CMAQ,
decreasing eddy diffusivity doesn't change the model perfor-
mance on capturing lower and upper extremes.

3.3.3 Impact of emissions changes. Increased NOx emis-
sion can lead to either increased or decreased ozone concen-
tration due to its dual roles as both an O3 precursor and a sink
through NOx titration, as well as its potential suppression of O3

formation rate as high NO2 levels increase OH reactivity and,
consequently, decrease OH concentration. Increasing NOx

emissions by 30% and retaining the PBL modication (Fig. 8A–
E) resulted in a decrease in mean ground-level ozone mixing
ratio by 3.9 ppb in the morning (decreasing the bias from +17.7
to +13.8 ppb) and by 2.4 ppb in the aernoon (increasing the
bias from −2.9 to −5.3 ppb). The decrease in morning ozone
concentration reects enhanced NOx titration at night, while
the decrease in the aernoon ozone suggests that the inuence
of NOx emissions on O3 loss outweighs the impact on
production.

Increasing VOC emissions by 30% with the modied PBL
height increased the morning and aernoon ozone mixing ratios
by 1.2 ppb (increasing the bias from +17.7 to +18.9 ppb) and
1.9 ppb (decreasing the bias from −2.9 to −1 ppb), respectively,
1058 | Environ. Sci.: Atmos., 2024, 4, 1051–1063
compared with the results from the PBL-only modication.
Ozone production increased with increased VOC emissions at
high NOx, but the enhancement in resulting concentration was
relatively small at low NOx, which is consistent with the A / B
depiction in Fig. 8 for a range in the x-axis position of A.

We then increased both NOx and VOC emissions by 30%
with the modied PBL height. The mean ground-level ozone
mixing ratio decreased by 3.7 ppb (decreasing the bias from
+17.7 to +14 ppb) and 0.8 ppb (increasing the bias from −2.9 to
−3.7 ppb) in the morning and aernoon, respectively,
compared with the results from the PBL-only modication. This
result is the combination of all preceding scenarios and is
depicted by the A / D path in Fig. 8. The net change in ozone
production reects a balance between the enhancement from
increased VOC emissions and, as depicted, suppression from
increased NOx emissions.

3.3.4 Combined evaluation. The boxplot summarizing the
height-dependent ozone mixing ratios from the UAV observa-
tions and model simulations in the mornings and aernoons
for all scenarios is shown in Fig. 11 above. The differences
among the modications are larger in the early morning than in
the late aernoon. Though each of the model modications
inuenced the resulting ozone mixing ratio at any height and
the steepness of the prole with height, none of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 UAV-measured and model-simulated ozone mixing ratio profiles for all modification scenarios.
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combinations could replicate the observations, especially those
in the morning.

The height-dependent fractional bias between the modied
modeled (M) and default model (O) values, as dened in eqn (3),
is presented in Fig. 12. All the simulations have poor perfor-
mance with fractional bias ranging from 50 to 80% for ground-
level ozone mixing ratio in the morning. However, they show
improved performance in the aernoon, with fractional biases
ranging from −7 to 1% observed at all heights. Among all the
modications, that which combined modifying the PBL height,
decreasing eddy diffusivity, and increasing NOx and VOC
emission led to the lowest fractional bias of 55.4% for ground-
level ozone in the morning. However, this combination of
© 2024 The Author(s). Published by the Royal Society of Chemistry
modications ranks the second-worst for the fractional differ-
ence of −3.8% in the aernoon. The modied PBL height and
increased VOC emissions simulation has the lowest ground-
level fractional bias of 0.9% in the aernoon, while it has the
largest ground-level fractional bias of 77% in the morning.

We also compared the frequency distribution of NOx

concentration extracted from the model and that measured at
the Riverside-Rubidoux monitoring station (Fig. 13). The
median NOx concentration increased aer modifying the PBL
height, which agrees with the reduced mixing as expected.
CMAQ underestimates NOx concentration signicantly even
aer increasing NOx emissions by 30%. The median mixing
ratio of the monitoring site observations is 5.1 ppb higher than
Environ. Sci.: Atmos., 2024, 4, 1051–1063 | 1059
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Fig. 13 The frequency distribution of the NOx mixing ratio measured at the Riverside-Rubidoux monitoring station and those of the model
simulations. The black vertical lines represent the median mixing ratio of each case.

Fig. 12 Fractional bias (%) between the UAV-measured and modeled ozone profiles. Results are averaged over all profiles.

1060 | Environ. Sci.: Atmos., 2024, 4, 1051–1063 © 2024 The Author(s). Published by the Royal Society of Chemistry
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that simulated in the default conguration of CMAQ. The
underestimation of observed NOx indicates the potential
underestimation of emissions in the current inventory.

Our ndings are in agreement with Tang et al.31 that the
vertical mixing doesn't strongly inuence model performance
in simulating ozone concentrations but plays an important role
in inuencing ozone sensitivity to NOx in some high ozone
locations. Li et al.32 also found CMAQ model is not sensitive to
the PBL modication. Overall, our ndings suggest that NOx
emissions modications lead to the most signicant changes in
modeled vertical ozone proles, with subtle changes due to
vertical mixing modications.
4 Conclusion

We describe a dataset collected during a four-month eld
campaign from August to November 2020 during which daily
UAV ights were made to measure vertical ozone and particu-
late matter proles from the University of California, Riverside's
Agricultural Operations Field. Measured ozone mixing ratios
were compared with ground observations from the SCAQMD
Riverside-Rubidoux air monitoring site and with CMAQ model
simulations. Vertical proles captured the inuence of the
boundary layer in the early morning ights. UAV measurements
at low altitude agreed well with the ground observations at the
air monitoring site. However, CMAQ underestimated surface
ozone by 2.9 ppb in the aernoon and overestimated it by
17.7 ppb in the morning. PBL height estimated from ceilometer
data aided our understanding of the potential model biases due
to meteorology. The PBL height observed from the ceilometer
was lower in the daytime and higher at nighttime compared
with the modeled PBL height. The model simulation had
a larger bias near the ground than alo.

A sensitivity analysis to NOx and VOC emissions showed that
an increase in NOx emission by 30% reduced surface ozone
mixing ratios by 3.9 and 2.4 ppb in the morning and aernoon,
respectively. The extracted NOx mixing ratios from the default
model were 5.1 ppb lower than ground observations on average.
As expected, ozone mixing ratios increased with increasing VOC
emissions. The mean surface ozone mixing ratio was 1.2 ppb
and 1.9 ppb higher in the morning and aernoon, respectively,
aer increasing VOC emission by 30%. Increasing both NOx and
VOC emissions by 30% decreases ozone by 3.6 and 0.8 ppb in
the morning and aernoon, respectively. It is useful to evaluate
physics and emissions modications in tandem to understand
how multiple modications may interact to change model
outcomes for urbanized areas with high anthropogenic emis-
sions over complex terrain. Future modeling studies may
benet from high temporal resolution vertical measurements
near the surface, such as those provided by UAV platforms, to
closely evaluate model performance and increase model accu-
racy in heavily burdened air basins.
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