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Abstract. The TRACER-AQ (TRacking Aerosol Convection interactions ExpeRiment- Air Quality) field campaign, performed
in Houston, Texas in the summer of 2021, presented opportunities to compare Mobile DOAS (Differential Optical Absorption
Spectroscopy) and in situ measurements of nitrogen dioxide (NO,) and formaldehyde (HCHO), which can be used to obtain
additional information about the vertical distribution of trace gas, without the need of a full sky scan.

During TRACER-AQ, a Zenith DOAS instrument retrieved Tropospheric Vertical Columns of NO,, with typical columns

ranging from 1-3x 106 molecules ecm ™2 as well as HCHO columns, which typically ranged from 2.5-3.5x 10'® molecules cm 2.

The retrieved columns were then compared to in situ measurements made on the same mobile lab in order to develop a Column
to Surface Ratio, which describes the vertical heterogeneity of the measured columns. The average NO, ratio ranged from 100
m to 3 km, and HCHO from 200 m to 5 km. In addition, the Column to Surface Ratio was used on two case days to determine

the origin of a local ozone episodes observed by the mobile lab.

1 Introduction

Mobile DOAS (Differential Optical Absorption Spectroscopy) (Platt, 1994; Platt and Stutz, 2008) instruments play a crucial
role in remote sensing. For instance, Mobile DOAS instruments are effective at measuring trace gas distributions over regions
(Constantin et al., 2013), identifying specific pollution sources (Wagner et al., 2010), and measuring emission fluxes around
point sources as well as larger areas of interest (Johansson et al., 2009). Due to the difficulty of tracking the sun while in op-
eration, Mobile DOAS instruments generally measure using the MAX-DOAS (Multi Axis DOAS) viewing geometry(Ibrahim
et al., 2010) while observing a single direction relative to the mobile platform the instrument is operating on, and Zenith (Wang
et al., 2012; Rivera et al., 2010) viewing geometries. However, areas that can be covered by a single Mobile DOAS instrument
at a high spatial and temporal resolution can also be covered, more completely but at lower spatial and temporal resolutions,
by airborne instruments, which are commonly used to measure trace gas columns over individual cities or similarly sized ar-

eas(Merlaud et al., 2011; Spinei et al., 2014). In addition, satellite-based instruments can measure entire continents on hourly
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time scales, as in the case of geostationary instruments like the Tropospheric Emissions: Monitoring of Pollution (TEMPO)
(Zoogman et al., 2017), or the entire planet daily, as in the case of sun synchronous instruments like TROPOMI (Ialongo et al.,
2020; Goldberg et al., 2021).

Different viewing geometries have been developed to measure total, tropospheric and stratospheric gas columns by making
use of each geometry’s difference in sensitivity to radiative transfer processes and trace gas amounts in different altitudes. For
instance, direct sun measurements are sensitive to total column abundance (Herman et al., 2009; Verhoelst et al., 2021; Spinei
etal., 2014). The MAX-DOAS viewing geometry (pointing at various elevation angles relative to the horizon) is most sensitive
to gas absorption in the lowest 2-3 km (Honninger et al., 2004; Frie§ et al., 2019; Chan et al., 2020; Tirpitz et al., 2021) and is
used for profile retrievals of trace gases at solar zenith angles smaller than 75°. With the zenith viewing geometry (ZSL-DOAS)
the instrument is pointing straight up and is sensitive to the total column with significant increase in sensitivity to stratospheric
gases at twilight (Tack et al., 2015; Chen et al., 2009).

Nitrogen oxides (NOx = NO + NO,) are two trace gases that are critical contributors to tropospheric ozone (O3) chemistry.
The primary anthropogenic sources of NOy are combustion processes, which are dominated by vehicle and industrial emis-
sions, especially from fossil fuel based power generators (Robinson and Robbins, 1970). At urban locations, these emissions
are known to reach concentrations high enough to pose a negative impact on human health (Hesterberg et al., 2009) both
through direct inhalation as well as the inhalation of secondary products of NO,, such as O3. The short lifetime of tropospheric
NO; (Schaap et al., 2015) leads to NO, remaining concentrated around its major sources. For the case of on-road Mobile
DOAS measurements, typical NO, measurements will be of vehicular NO, emissions, however they can also be influenced by
industrial emissions when in close enough proximity.

Formaldehyde (HCHO) is a common Volatile Organic Compound (VOC) found in the troposphere which is carcinogenic,
genotoxic, and can be found in both molecular and particulate forms (Toda et al., 2014). HCHO can be formed as an inter-
mediate product of oxidation of other VOCs (Brewer et al., 1984; Guenther et al., 1995), making anthropogenic sources of
secondary HCHO harder to identify. VOCs are one of the major contributors to the O3 cycle, and VOC emissions can drive the
oxidation capacity of the atmosphere. Since HCHO is an intermediate oxidation product of many types of VOC'’s the trace gas
is often used as a proxy to estimate VOC emissions in an area (Palmer et al., 2003; Shim et al., 2005). HCHO is directly linked
to the oxidation capacity of the atmosphere where increases in formaldehyde lead to increases in oxidation rates, influencing
the production of tropospheric Oj3.

Houston, Texas, is one of the largest and most polluted cities in the United States. Houston presents a unique location for
Mobile DOAS applications, with a high traffic volume due to both daily commuters as well as shipping traffic into Houston
and Port Arthur. The Houston-Galveston Area also boasts a large number of petrochemical refineries that refine oil extracted
in Texas and surrounding states. These refineries are known to be both primary (emitted from flares,) and secondary (oxidation
of propene, ethene, and other VOCs) sources of HCHO (Wert et al., 2003). Due to the high volume of oil refined in Houston,
the Houston-Galveston Area also receives a large number of commercial marine vessels. This unique set of trace gas sources
has been the interest of many previous field campaigns. Prior to the TRACER-AQ field campaign, field campaigns such as
the Texas Air Quality Study 1 and 2 (TexAQS 1 and 2) and the Study of Houston Atmospheric Radical Precursors (SHARP)
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(Olaguer et al., 2014) have been held in the area. These studies utilized in situ and remote sensing measuring techniques at
stationary sites, as well as onboard mobile platforms such as ground vehicles, ships, and aircraft to quantify air quality on time
scales ranging from a few months to a few years.

Previous studies have focused on the relationship between the vertical column density and trace gas concentrations measured
at the surface (Lamsal et al., 2008, 2014; Thompson et al., 2019). This relationship has been used primarily to validate satellite-
based DOAS measurements using in situ instrument networks (Celarier et al., 2008; Boersma et al., 2009; Kim et al., 2017),
while other studies have focused on estimations of mixing layer height to evaluate the impact of local meteorology on vertical
mixing (Chang et al., 2022; Adams et al., 2023). In addition, proximity to trace gas sources have been shown to significantly

impact the relationship between vertical column and surface concentration (Flynn et al., 2014).
1.1 TRACER-AQ field campaign

The TRacking Aerosol Convection interactions ExpeRiment- Air Quality (TRACER-AQ) was held in the Houston-Galveston
area from August through September 2021 (Judd et al.). This field campaign sought to evaluate how O3 formation varies
spatially and temporally, validate chemical transport modeling as well as satellite measurements in preparation for the launch
of TEMPO, and investigate the intersection between air quality and socioeconomic factors.

During the intensive operations a number of instruments were operated concurrently. In the air, a Gulfstream-V aircraft
carried two instruments: the GEOstationary Coastal and Air Pollution Events (GEO-CAPE) Airborne Spectrometer (GCAS)
ultraviolet-visible-near infrared (UV-VIS-NIR) airborne spectrometer retrieved columns of NO, and HCHO below the aircraft,
while the The High Spectral Resolution LIDAR (HSRL)-2 provided vertical profiles of aerosol characteristics below the air-
craft. The aircraft flight plans generally covered the entirety of Houston, and took approximately 2 hours to complete, allowing
for 3 repetitions per day. Ground measurements included NASA Tropospheric O3 LIDAR Network (TOLNet) instruments,
which are portable LIDAR instruments capable of retrieving O3 profiles from the surface to a maximum altitude of 8 km. Sta-
tionary Pandora spectrometers were also set up at TOLNet locations to retrieve vertical columns of NO, and HCHO nominally
once a minute with full sky scans and retrieved vertical trace gas profiles every 20-30 minutes. Finally, ozonesondes provided
balloon based vertical profiles of pressure, temperature, humidity, O3, and wind. The university of Houston operated a ground
based mobile lab was operated during the intensive measurement period(Miller et al., 2020). Various in situ instruments in
the lab included NOx, HCHO, O3, SO,, and surface temperature, pressure, humidity. Mounted on the top of the mobile lab
were a Pandora spectrometer with a modified sensor head set up to take measurements in a Zenith measuring geometry, and
a ceilometer that measures planetary boundary layer (PBL) height (see Table 1). Further information about the TRACER-AQ
field campaign can be found in the works by Flynn et al. (2022); Li et al. (2023); Griggs et al. (2024).

Mobile DOAS and in situ measurements collected during the TRACER-AQ campaign can be used to estimate the "equal
mixing" layer height of NO, and HCHO through comparisons of the two quantities, called the Column to Surface Ratio
(CSR). Mobile DOAS measurements are usually taken to detail the spatial distribution of trace gas columns, and typically lack
knowledge on the vertical distribution of trace gases. The addition of an in situ instrument to a zenith DOAS instrument on the

same mobile platform allows for evaluation of vertical distribution within the atmosphere. The two measurement techniques
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Table 1. Instrumentation deployed during TRACER-AQ September 2021 and used in this work. Ozonesondes were launched at La Porte
Airport. AERONET supported the campaign with additional sites.

Instrument Name / platform Instrument Type Data Product
Pandora / mobile Sun—sky—moon Spectrometer NO, VCD, HCHO VCD
Vaisala CL-31 (910 4 10 nm) / mobile Ceilometer PBL Height, Backscatter Profiles
AERONET CIMEL (6 instruments) / fixed Sun—sky—moon Photometer SSA, ASY, AOD
GmbH AL4021 / mobile In Situ HCHO Analyzer Surface Concentrations of HCHO
2-channel chemiluminescence NO/NO, Analyzer In Situ NO; Analyzer Surface Concentrations of NO,
ozonesonde / airborne Balloon-bourne in situ and weather monitor ~ Vertical profiles of air T and P (0,0,)

are sensitive to different parts of the atmosphere, with zenith DOAS measurements being sensitive to the total column of trace
gas, and in situ sampling only surface air. This comparison provides a rapid estimation of vertical distributions, which when
paired with mobile measurements, can provide estimations of vertical heterogeneity. However, the CSR is not a true layer
mixing height but an effective height that assumes the trace gas was equally distributed through the lower part of atmosphere.
High CSRs higher concentrations of trace gas aloft in comparison to the surface level while low CSRs indicate the majority of
trace gas is concentrated near the surface.

In addition to the on-road sources, other off-road sources, such as industrial sites, and secondary photo-chemical processes,
contribute to the total column and in situ observations. Comparing planetary boundary layer layer heights from ceilometer
backscatter data on the mobile platform and trace gas CSRs, provides an opportunity to estimate presence of the elevated
layers and spatial heterogeneity.

Using the results from the Mobile DOAS measurements performed during TRACER-AQ), this paper intends to demonstrate
application of the CSRs as a vertical heterogeneity indicator. Extensive air mass factor (AMF) sensitivity studies were con-
ducted to better quantify trace gas column uncertainties derived from zenith DOAS measurements due to aerosol scattering,
and unknown gas profile. Aerosol properties were obtained from multiple AERONET sites (Holben et al., 2001) within the
Houston-Galveston area and on-board ceilometer

This paper is organized into four sections. Section two describes the data collection methodology for the in situ and Mobile
DOAS data sets, with a further description of the DOAS analysis technique used to retrieve vertical column densities, and a
description of the radiative transfer simulations used to estimate zenith AMFs as well as the sensitivity studies used to estimate
AMF error due to unknown aerosol composition and gas profiles. Section three summarizes results from the TRACER-AQ
field campaign as well as two case studies demonstrating the CSR both while the instruments were stationary and in motion

and discusses further applications of the CSR. Finally, section four concludes this study.
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2 Measurements and analysis

In order to perform comparisons of surface concentrations and vertical columns, in situ and Pandora remote sensing instruments
were placed onboard a mobile laboratory during September 2021 as part of collaborative efforts made during the intensive
measurement period of TRACER-AQ. In situ measurements were conducted by the University of Houston. Concentrations of
HCHO were obtained onboard the mobile lab from an Aero-laser GmbH AL4021 HCHO Analyzer over 10 second measuring
periods. Measurements of NO, were made using a custom 2-channel chemiluminescence NO/NOy instrument with a UV-LED
photolytic NO, converter, at a 1 second measurement interval but averaged to 10 seconds.

During the TRACER-AQ field campaign, one Pandora spectrometer was mounted on top of the mobile laboratory and fixed
in the Zenith viewing direction. Pandora Instruments perform hyper-spectral measurements using an Avantes spectrometer,
with a spectral resolution of 0.6 nm per FWHM and a wavelength range between 300 and 525 nm. The spectrometer and
controlling computer are housed inside the mobile lab, while the sensor head, which has a field of view of 1.5°, collects light
outside the vehicle and is connected by a 400 pm core optical fiber cable. By pointing in the zenith direction, the instrument
"sampled" the air masses directly overhead of the mobile lab. Raw spectra, corrected for instrumental effects, were used to
determine differential slant column densities (ASC D), with a reference spectrum measured at the end of the Texas City dike
in Galveston Bay. Next AMFs were simulated using the MYSTIC(Mayer, 2009) radiative transfer simulation software, using
mean aerosol properties retrieved from a collection of six AERONET instruments within the Houston-Galveston area and
vertical profiles from the ceilometer backscatter signal. These AMFs were used to estimate the residual trace gas column
present in the reference spectrum, which is removed from the ASCD, as well as the stratospheric component of the NO,

vertical column density for both NO; retrievals.
2.1 Pandora spectroscopic measurements: from spectra to trace gas ASCD to VCD

The DOAS technique is based on the modified Beer-Lambert law, which describes the spectral attenuation of electromagnetic
radiation by molecular and aerosol absorption and scattering. As solar light propagates through the atmosphere, it interacts with
atmospheric constituents and as a result, “carries their signatures.” The DOAS technique is capable of separating molecular
absorption from molecular scattering and aerosol extinction due to the unique “differential” structure in the trace gas molecular
absorption cross-sections (Platt and Stutz, 2008). Since molecular (Rayleigh) and aerosol (Mie) scattering show only smooth
wavelength dependence, they can be easily estimated and removed by fitting a low order polynomial function (Pr,). Equation
1 depicts the DOAS principle where the differential absorption by all the gases absorbing at the specified wavelength region is

separated from the broadband extinction:

IO()\,Mref) i=N i=N
YT A ) —of fset(N) ; T\T)i+ P ;0’()\ );- ASCD; + P, "

Where, I(\) is the measured attenuated solar intensity at wavelength A with potential wavelength shift A\ and observation

geometry 1; I,()\) is measured reference solar intensity at A and observation geometry p"¢f; 7(\,T') is the absorption optical
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depth caused by gas i absorption at A and effective temperature 7' along the average photon path. DOAS fitting estimates
differential slant column densities of each gas along the average photon path relative to the slant column density in the reference
geometry (ASCD; = SCD; — SC’D:ef).

The raw spectra measured by the Pandora system are corrected for dark current, non-linearity, spectrometer latency, pixel
response non-uniformity, and stray light according to standard Pandonia Global Network procedures (Cede, 2021). Pandora
instrument calibration was done at Virginia Tech both before and after the TRACER-AQ field campaign. High resolution trace
gas molecular absorption cross section spectra (see Table 2) were convolved with the wavelength dependent instrument slit
function derived from the measures response to the atomic emission lines (Cede, 2021)

DOAS fitting of NO,, HCHO, and the Oxygen Collisional Complex (O,0,) (from the corrected measurement and reference
spectra) was done using the QDOAS (Version 3.4.5) software (Dankaert et al., 2017) at three different fitting windows: two
for NO, (UV and VIS) and one for HCHO (UV). Table 2 lists corresponding fitting windows with their fitting parameters. In
addition, a pseudo cross-section was generated to account for the Ring Effect (Grainger and Ring, 1962) using the QDOAS
Ring tool following the method described by (Chance and Spurr, 1997). I, correction was also performed for O; and NO, for
all applicable fitting windows following the CINDI-2 protocols, using I, = 102° and I,, = 10'7, respectively.

Table 2. DOAS fitting parameters used to retriecve HCHO, NO;, and 0,0, ASCD from Pandora zenith sky measurements. The fitting
windows are ordered starting with HCHO, NO, Ultraviolet, then NO, Visible retrievals.

Fitting Windows: HCHO (336.5-359 nm), NO, (UV: 338-370 nm), NO; (VIS: 425-490 nm)
Polynomial Order: 5

Offset and wavelength shift polynomial order: 1

Trace Gas  Temperature (K) Source Fitting Windows
NO» 294, 220 Vandaele et al. (1998) HCHO, NO; (UYV, VIS)
H,O 290 Rothman et al. (2013) NO, (VIS)

O3 243,223 Serdyuchenko et al. (2014) HCHO, NO; (UV, VIS)
0,0, 293 Thalman and Volkamer (2013) HCHO, NO, (UV, VIS)
HCHO 297 Meller and Moortgat (2000) HCHO, NO, (UV)
BrO 224 Fleischmann et al. (2004) HCHO
Ring 270 Chance and Spurr (1997) HCHO, NO, (UV, VIS)

Retrieval of NO, and 0,0, from UV and VIS fitting windows from zenith measurements are of interest from a radiative
transfer point of view due to the difference in scattering height between them, especially at increasing solar zenith angles
and the potential of using 0,0, for VCD calculations (Honninger et al., 2004). SCD is an averaged over the photon path gas
column and needs to be corrected by the AMF at the effective fitting window wavelength and scattering conditions (aerosols,
Rayleigh), and observation geometry (pointing direction and solar zenith angle).

To derive the tropospheric column from the zenith measurements, first SCD,..; needs to be determined for NO,, 0,0,

and HCHO to calculate the total SC'D. Considering that the stratospheric NO, abundance is non-negligible, it needs to be
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O

subtracted from the total VC'D for each measurement (Chen et al., 2009; Tack et al., 2015; Constantin et al., 2013). The

relationship between slant path and vertical path is expressed as AMF.

ASgas(\, 1) + Sret (A, pre?)
{ gas _ Dstrat 2
AMF(\p) Vg @

VCDEr [molecules em ™2 = VO DM — VCD =

gas gas

The reference spectrum was created as an average of 1 hr of continuous measurements around local noon at the fixed location,
the Texas City dike, on September 21, where the instruments operated between 10:00 and 13:00 CDT. Texas City is located
directly south of the Houston Metropolitan Area, and has a large dike that extends 8 km from coast. Under south winds it is
upwind from the local petrochemical industry, and can have relatively pollution free conditions. Figure A10 shows the driving
route taken on September 21, with the dike located in the bottom right corner of the figure. As can be seen in Figure A10, while
the location was largely free of NO,, background HCHO levels at the dike were consistent with other measurements made

along the coast of Galveston Bay.
2.2 Air Mass Factor calculations: sensitivity study

In most scattered sky DOAS applications, AMF determination must account for aerosol properties and vertical profiles, as well
as for the trace gas profiles through radiative transfer simulations. Since this information is rarely available, previous Mobile
DOAS studies deployed to estimate emission fluxes relied on the geometric approximation to estimate the AMF (Johansson
et al., 2009; Wagner et al., 2010). Other mobile DOAS studies, such as Wang et al. (2012), Wu et al. (2017), and Pettinari et al.
(2022) have evaluated effect of aerosol and gas profile information on AMF determination using radiative transfer models.

The AMEF sensitivity studies in this work were designed to quantify how atmospheric structure and aerosol properties influ-
ence zenith-sky radiative transfer relevant to trace gas retrievals. The objective of these studies was to assess AMF dependence
on aerosol optical depth, aerosol optical properties, aerosol vertical distribution, and boundary-layer dynamics under represen-
tative Houston conditions. Radiative transfer simulations spanning a range of solar zenith angles were conducted to identify
key parameters controlling zenith-sky sensitivity. This study evaluates AMF of O,0; (A¢¢¢ = 360 and 477 nm), NOy (A¢ff =
360 and 460 nm) and HCHO (A, s = 340 nm) at their corresponding effective wavelengths using:

1. AERONET aerosol properties (Holben et al., 2001), aerosol optical depth (AOD), single scattering albedo (SSA) and
asymmetry parameter (ASY), in the greater Houston-Galveston Area area: Aldine, Liberty, Sugar Land, University of
Houston Coastal Research Center, the University of Houston Main Campus, and Atmospheric Radiation Measurement
site located at La Porte Regional Airport. AERONET is the standard of aerosol remote sensing and often is used to

quantify aerosol properties and loadings in DOAS data interpretation.

2. aerosol vertical distribution estimation from the ceilometer backscatter signal (onboard the mobile lab). Ceilometer

technology is another common data source for aerosol vertical distribution information.

3. eight vertical profiles estimating potential distribution of trace gases matching the profiles used in Frief3 et al. (2019)
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1D radiative transfer (RT) simulations were conducted using LibRadtran/MYSTIC package (Emde et al., 2016; Schwaerzel
et al., 2020) to estimate measurement sensitivity as a function of hight (box AMF: bAMF). To obtain a total AMF at a specific
observation geometry, trace gas bAMF (as a function of height) needs to be multiplied by the gas profile and integrated over
the entire atmosphere. Trace gas bAM F()\, 1) depends only on the aerosol scenario (aerosol type, vertical distribution and
loading) and can be applied to NO,, HCHO, and O,0; only by varying the gas profile. The Henyey—Greenstein phase function
is calculated from the estimated AERONET ASY as a simple analytic approximation of the true phase function. The surface
albedo was assumed to be 0.15, representing the estimated albedo of both asphalt and concrete (Li et al., 2013), which the

mobile lab can be expected to be driving on at any point in time.
2.2.1 Input data preparation into LibRadtran:

Aerosols properties: Daily aerosol SSA and ASY, representative of the entire Houston-Galveston area (mean +20), were
calculated from the AERONET inversion results from all considered sites. Note, that SSA and ASY have higher uncertainties
at lower AODs (e.g. AOD < 0.4 at 440 nm) and this approach gives a more realistic view of the errors if AERONET is
used to define aerosol type in RT simulations. Hourly AODs (for each day), were calculated from the AERONET direct
sun measurements, which are shown in Figure 5 for 870 nm. SSA, ASY and AOD were interpolated / extrapolated to the
corresponding wavelengths.

Aerosol extinction coefficient profiles at the effective wavelengths: Aerosol extinction profiles were calculated from the

backscatter The ceilometer data and AERONET AOD measurements according to Wagner et al. (2019). Ceilometer backscatter

9/1/2021 13:30 UTC 9/1/2021 14:30 UTC 9/1/2021 15:30 UTC 9/1/2021 16:30 UTC

— 477 nm
— 460 nm
—— 360 nm
—— 340 nm

3.5 4

3.01

2.5

2.0 4

Height (km)

154

104

0.5 1

0.0 T T T T T T T T T T T T T T T T u T T t
000 005 010 015 020 025 030 000 0.05 010 015 0.20 025 030 000 0.05 010 015 0.20 025 030 0.00 005 0.10 015 020 025 030

Extinction (km~1)

Figure 1. The aerosol extinction coefficient profiles derived from the 910 nm backscatter Ceilometer measurements and AERONET AOD ,

scaled to 477 nm (blue), 460 nm (red), 360 nm (red) and 340 nm (green).
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signal at 910 nm first was averaged at an hourly rate, with further smoothing applied using a first order Savitzky—Golay filter
on the backscatter profile above 500 m to account for increased noise at higher atmospheric levels. Resulting profiles were
"zeroed" after the first negative value was encountered. Because the ceilometer had a minimum range of 100 m, the profile is
linearly extrapolated below 100 m to the slope measured from 100 m to 200 m in order to obtain the full backscatter profile.

Since the Ceilometer operated at 910 nm, the backscatter profiles must first be normalized by the AOD at 910 nm:

N = AODy10/Bint 3)

where AO Dy is the AOD value at 910 nm, Bj;,,; is the integrated backscatter profile up to 4 km. However, AERONET
instruments do not measure AOD at 910 nm, and the AOD retrieved at 870 nm and 1020 must be used to calculate the Angstrom

exponent

AOD:
l (AOD1807200) (4)

in(120)

a=—

&)

AODg1g = AOD 910nm\ *
910 — 870 870nm

where « is the Angstrom exponent between 870 nm and 1020 nm, and AO Dgr is the AOD at 870 nm. Next, the profiles
are scaled to the AOD at the desired wavelength. Finally, the aerosol extinction coefficient profiles are interpolated onto the
same altitude grid as the atmospheric profiles used for the simulations. Figure 1 shows the final extinction profiles scaled by
the AOD at 477, 460, 360, and 340 nm. This process led to 280 unique aerosol scenarios, each with an aerosol profile for 477,
460, 360, and 340 nm, totaling 1368 profiles. Using this process, three sets of aerosol profiles were created, representing the
statistical high, low, and mean aerosol profiles based on the AOD measured in the area.

Atmospheric temperature, pressure, relative humidity, O; and oxygen collision complex: Daily meteorological, 0,0,
and O3 profile inputs were generated from the ozonesonde data launched at La Porte Airport between 1-3 times each day.
Information above the burst height was supplemented by the standard US atmosphere provided by the libRadTran profile
library. O,0, profiles were calculated from T, P, RH data at each altitude according to Spinei et al. (2014).

Trace gas profiles: To evaluate effect of trace gas tropospheric profiles on the AM F(gas) seven trace gas profiles were
selected from the MAX-DOAS inter-comparison study by Frie§} et al. (2019), more information can be found in Figure 2 and
Table 3.

These profiles were used to estimate AMFs under mean aerosol conditions. Stratospheric NO, profile dependence on
time/SZA was not accounted for in these simulations.

Base case scenario: This scenario describes the aerosol property and trace gas inputs in case if these inputs were not varied.

The default aerosol conditions used as a baseline for this study are defined in (Shettle, 1990), which describe a rural type

aerosol within the boundary layer, and background aerosol above 2 km with an estimated visibility of 50 km. The HCHO
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Table 3. Description of trace gas tropospheric profiles evaluated in sensitivity study

Profile Description VCD (x10' molecules cm™2)  Max Concentration(x 10** molecules ecm™2)
Profile 1 Exponential, 1 km Scale Height 5.00 0.48
Profile 2 Exponential, 1 km Scale Height 19.99 1.90
Profile 3  Exponential, 0.250 km Scale Height 9.93 3.27
Profile 4 Box Profile, 100 m Height 5.00 5.00
Profile 5 Box Profile, 200 m Height 5.00 2.50
Profile 6 Box Profile, 1 km Height 10.00 1.00
Profile 7 Gaussian at 1 km, 300 m FWHM 10.00 1.31

6
—— 0202 (x10%" molecules? em~5)
— profilel (x10!! molecules cm—3)
profile2 (x10'! molecules cm—3)
51 —— profile3 (x10!! molecules cm—3)
—— profiled (x10!! molecules cm—3)
—— profile5 (x10!! molecules cm—3)
4 —— profile6 (x10'* molecules cm™3)
E profile7 (x101! molecules cm—3)
<
g
=]
=
-
<C
2
\\ x\\ ]
0 ~ 3 — }

o

1

2 3 4
Trace Gas Profile Concentration

5 6

Figure 2. The vertical profiles used in the 2019 MAX-DOAS profile inter-comparison study(Frief3 et al., 2019). These profiles serve as

the basis for the profile-based portion of the sensitivity study. Details on the profile shape are provided in Table 3. In addition, the vertical

profile of 0,0, (black) is included, which is derived from the mean atmospheric conditions measured by balloon sondes launched during

TRACER-AQ.

profile was modeled as a box profile with a 1 km height and a concentration matching the mean concentration observed by the

mobile HCHO in situ instrument. US standard atmosphere NO, profile was scaled at the surface with the mean concentration

observed by the NO; in situ instrument.
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Figure 3. Daily mean values of L2 single scattering albedo(a) and asymmetry parameter(b) data, retrieved from six AERONET instruments

at 440 nm in the Houston-Galveston-Brazoria area during September 2021.

2.3 Effect of Aerosol SSA and Asymmetry Parameter on AMF(0,0,)

Figure 3 shows the daily mean values of SSA and ASY for the six AERONET sited during TRACER-AQ. Typical values of
the ASY range from 0.625 to 0.8 throughout September 2021, with daily differences in instruments ranging between 0.05 and
0.15. Apart from the AERONET site at the University of Houston, which is considered an urban location, the SSA retrieved
are close to 1.0, with almost all retrieved SSA’s being above 0.7. Typical differences in instrument retrievals, however range
between 0.05 and 0.2, with the instrument located at the University of Houston largely determining the standard deviation of
each day’s dataset. The aerosol SSA and ASY were individually changed from their measured minimum to maximum in ten
steps, and the model was run at each step at 477 nm and 360 nm for ten SZA’s from 0° to 90°. The calculated box AMFs were
then used to determine AMFs of O,0,, a trace gas with a consistent profile dependent on the vertical profile of air.

Figure 4 shows the shift in the AMFs for O,0; as both SSA and ASY are increased from minimum values. At both UV
and Visible wavelengths, SSA increasingly deviated from the minimum AMF, with solar zenith angles closer to the horizon
seeing larger deviations than solar zenith angles closer to zenith. In spite of this, AMFs at both wavelengths only deviate
at a maximum of 0.2 from the AMFs retrieved at the minimum SSA and ASY. At each solar zenith angle, the deviation is
approximately linear, with increasing solar zenith angle increasing the rate of deviation. Because of this linear nature, and with
a maximum daily deviation of the SSA of 0.2, the error due to an incorrect SSA estimate is closer to 2.5% for most solar zenith
angles, and 5% for larger solar zenith angles, at both 477 nm and 360 nm.

The ASY, on the other hand, has an inverse linear relation to increasing values, and is much more sensitive to the retrieval

wavelength than the SSA, with maximum differences in the AMF at 360 nm reaching up to 0.15. In addition, low solar zenith
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Figure 4. The AMF for 0,0, as the SSA was increased from 0.7 to 1.0, for 477 nm(a) and 360 nm(c), as well as AMFs for 0,0, as the
asymmetry parameter was increased from 0.625 to 0.8 for 477 nm(b) and 360 nm(d). Each line corresponds to the solar zenith angle used to

retrieve AMFS, from 0° to 70° in 10° increments.

angles, in particular 0° and 10°, show much larger deviations than larger solar zenith angles. However, the minimum solar
zenith angle in Houston in September is close to 20° which show much lower deviations behaves much more similarly to
the rest of the solar zenith angles tested. As such, the maximum deviation of the retrieved AMFs due to errors in the ASY

estimation amount to 2.5% at 477 nm, and 5% at 360 nm.
2.4 Effect of aerosol loading and profile on AMF(0,0;)

The aerosol extinction coefficient profiles calculated above from the ceilometer and AERONET data were used to estimate
AMFs for O,0;. Figure 6 shows the deviation of AMFs for O,0, under high and low aerosol loadings compared to the mean
aerosol conditions. Deviations from mean aerosol conditions are very consistent for most solar zenith angles, however at high
solar zenith angles (> 70°), the error begins to compound, as the light begins to travel more and more through the upper parts

of atmosphere. AMF retrieval errors at 477 nm remain consistently less than £0.05 outside of large solar zenith angles, and are
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Figure 5. Time series of the L2 AOD values retrieved at 870 nm from six AERONET sites in the Houston-Galveston-Brazoria area during

TRACER-AQ, averaged every one hour.

not sensitive to solar zenith angle. This behavior indicates that, outside of twilight, deviations of AMF are not sensitive to the
solar zenith angle. The retrievals at 360 nm, however, are much more sensitive to the potential differences in aerosol conditions,
with differences in both the high and mean conditions as well as the low and mean conditions being twice as large as their
visible counterparts, close to +0.1 outside of high solar zenith angles. For all of the aerosol scenarios tested, the standard
deviation (20) was approximately 5% at 477 nm and 7.5% at 360 nm, which means that error due to incorrect aerosol profiles

is expected to remain below 5% for visible AMFs and 7.5% for UV AMFs.
2.5 Effect of trace gas profile on AMF(gas)

Due to the mobile measurements of highly variable gases (e.g. NO,), the zenith DOAS is expected to sample air with significant
difference in vertical distribution of trace gases. 0,0, absorption is widely used in DOAS community as a proxy for scattering
processes due to its independence of emissions and sinks. In this study we also evaluate the differences between O,0; and the
selected trace gas AMF.

Figure 7 shows that at both 477 nm and 360 nm, the AM F(O20-) is larger than AM F'(gas). Diurnal differences are
potentially attributed to higher 0,0, concentrations in free troposphere compared to NO, and HCHO. Outside of high solar
zenith angles, UV 0,0, AMFs remain 0.2-0.4 larger than the AMF retrieved from the other trace gas profiles, with a clear
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Figure 6. The absolute difference between 0,0, AMFs retrieved from high and mean aerosol conditions (blue) and from low and mean
aerosol conditions (orange) plotted as a function of 0,0, AMF retrieved from mean aerosol conditions for 477 nm retrievals(a) and 360 nm

retrievals(b).

solar zenith angle dependency. Visible AMF differences are much smaller, with O,O, AMFs remaining between -0.08 and -0.2
outside of high solar zenith angles.

While these errors are large when compared to the effect of spatial averaging of the aerosol conditions, the differences
between AMFs has a linear relation, as can be seen in Figure 8. For both UV and Visible wavelengths, the AMFs retrieved
from the 0,0, profile and the other profiles are closely correlated (2 > 0.97) and have similar linear behaviors. As such, it is
feasible to correct the O,0O, AMFs to agree with the AMFs retrieved from the profiles. Figures 7 c¢) and d) show the differences
between the corrected 0,0, AMFs and AMFs retrieved from the profiles. After correction, the maximum difference is closer to
£0.1 for UV and £0.05 for Visible wavelengths, with a clear solar zenith angle dependence. In addition, in individual profiles
deviations are less than 5% from other profiles, which shows that the seven profiles chosen likely agree with each other better
than with the O,0, profile. This indicates that the changing of the vertical profile will impact the AMF by approximately 5%,
which when combined with the assumptions made for the aerosol conditions, leads to a total estimated uncertainty of 15% for
Visible AMF retrievals, and 20% for UV AMF retrievals.

Because both the 0,0, and NO, (profile 1 and 2) have similar profile shapes (exponential), both profiles produce similar
AMEF. This was demonstrated in Figure 8, where at both visible and UV wavelengths NO, and 0,0, AMFs were highly
correlative, and only a slight correction factor was required to produce similar result. This comparison between AMFs, however,
assumes a constant profile for both NO, and O,0;. The correction of the 0,0, AMFs to match the expected NO, AMFs is

much lower than the expected error of the AMF, and as such is not significantly contributing to the AMF error.
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Figure 7. The diurnal average of uncorrected differences between the AMFs retrieved from the seven profiles and the 0,0, profile in the
UV band (a) and Visible band (b), as well as the diurnal average of corrected differences between the AMFs retrieved from the seven profiles

and the 0,0, profile at 360 nm(c) 477 nm(d).

Prior ZSL-DOAS works have assumed a single profile for NO, (Constantin et al., 2013; Wang et al., 2012) or utilized lookup
tables based on prior measurement campaigns (Tack et al., 2015), however both methods require making assumptions about
the vertical profile of NO,, which is not measurable through Mobile DOAS. In lieu of these assumptions, the O,O, profile
is much more easily estimable through the use of ozonesonde or surface measurements of pressure, temperature, and relative
humidity, reducing the impact of profile mismatch. However, the error of the AMF largely originates from the wrong profile
being used. While the AMFs can be linearly corrected, the true observed profile must be estimated in order to minimize the

error, and is effectively the same as choosing a more accurate a priori profile to generate AMFs.
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This method of AMF estimation could still be particularly useful for Mobile DOAS measurements in heterogeneous envi-
ronments where the mobile lab might pass close to many sources where the NO, vertical profile will change continuously.
Rather than attempting to estimate the NO, profile of every source, it is much simpler and a much more effective reduction of
AMF uncertainty to simply estimate the O, 0O, profile, since it is not influenced significantly by anthropogenic emissions in the

way NO; is.
2.5.1 Trace gas amount in the reference spectrum: SCD,.. ¢

In order to estimate the amount of NO, and HCHO in the reference spectrum, Langley extrapolation method was used on
the morning data collected during September 22. Note, that the conditions at the Texas City dike (September 21) were not
completely pollution free, but the next day was overall low pollution. Langley Extrapolation method (to zero AMF) assumes
that a constant total column was present during the measurement period and a linear relationship exists between ASC D(gas)
and AM F'(gas). The Langley plots can be seen in Figures A1 A2, and A3.

The reference AMFs were estimated using radiative transfer simulations as described above and limited to 2.2-4.2 SCD,.. ¢
derived from the Visible NO, retrieval was found to be 6.17 x 10'® molecules cm™2 and the UV retrieval was found to be
4.28 x 10'® molecules cm ™2, with an estimated error of 0.79 x 105 molecules em™2 and 1.21 x 10'® molecules em ™2,
respectively. The SCD,..; for HCHO was found to be 4.51 x 10'® molecules em =2 with an estimated error of 4.24 x 104
molecules cm™?

The stratospheric column is estimated from a climatology based on instrument latitude, the time of day, and season (Brohede
et al., 2007). The climatology is provided as part of the standard Pandora data product, and the uncertainty is estimated at

1.35 x 10 molecules em 2.

2.6 Error Estimation

When assessing the error incurred during the DOAS process, there are three main sources of error. These include the retrieval
uncertainty, the AMF error, and the error arising from the estimation of the reference column. These error sources contribute
to the final error estimation according to Equation 6 from (Tack et al., 2015). In addition, NO, has an additional source of error

that arises due to the estimation of the stratospheric component of the vertical column that is not present for HCHO:

U%/CD(UASCD)2+< Tref )QJF<SC'D/TAJWF>2 ©)
AMF AMF, .5 AMF AMF

Where oascp represents the uncertainty of the DOAS retrieval, o,.; the uncertainty of the estimation of the reference
column, and o 45/ is the uncertainty of the AMF estimation.

Errors relating to the DOAS retrieval were included in the results of each individual fit, provided by QDOAS, and were a
median of 5.80 x 10'* molecules em =2 for NO, Visible retrievals, 9.67 x 10'* molecules em =2 for NO, UV retrievals, and

4.24 x 10 molecules cm™2 for HCHO. The error arising from the estimation of AMFs is primarily due to errors in assump-

tions about the aerosol properties measured by the mobile lab, as well as assumptions of the vertical profile. An uncertainty
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factor of 20% of each AMF has been estimated from the results of sensitivity study presented in Section 3. This uncertainty
translates to an estimated VCD error due to the AMF of 1.34 x 10'° molecules c¢m ™2 for the Visible NO, retrieval, 1.23 x 10'°
molecules em™2 for the UV NO, retrieval, and 1.77 x 10'® molecules em =2 for HCHO. In addition, the error from the es-
timation of the residual trace gas measured by the reference spectrum arises predominantly from variations between the data
used for the linear fit and fitted points themselves performed for Langley extrapolation. The difference between the real and
extrapolated data was found to be 8.69 x 10'* molecules cm ™2 and 1.31 x 10'® molecules cm ™2, respectively for the NO,
Visible and UV reference columns,and 4.24 x 104 molecules em—2 for the HCHO reference column. Finally, the error from
the estimation of the stratospheric component of the vertical column was taken from the standard deviation of the climato-
logical stratospheric NO, column at a latitude of 29.75°, with median errors 7.93 x 10** molecules cm ™2 for Visible and
7.23 x 10 molecules cm ™2 for UV NO, stratospheric columns.

In order to estimate the effect of the error estimations on the final VCDs, each error source is shown in Table 4 as a percentage
of the median VCD of NO,, 6.23 x 1015 molecules em=2 and 3.51 x 10'® molecules em~2 for Visible and UV retrievals,

respectively, and HCHO, 8.82 x 10'® molecules cm™2.

Table 4. Summary of Error Sources for Visible NO, and HCHO VCDs

Trace Gas OASCD Oref OAMF  Ostrat  OTotal
NO, Visible 9.3% 139% 214% 12.7% 31.0%
NO, UV 27.6%  374% 351% 20.8% 65.7%
HCHO 478%  322% 19.9% N/A 64.5%

3 Results

During September 2021, the Pandora instrument was active for 24 days of the month. Measurements were not taken from
September 13 to September 16 due to a category 1 hurricane moving over Houston, in addition, the instruments were housed
inside the mobile lab’s garage for protection, and did not record measurements. On the 2nd, 4th, 6th, 17th, 18th, 19th, 22nd,
and the 28th of September, the mobile lab was parked at the La Porte Municipal Airport (29.6698N, -95.0595W), east of the
center of Houston and southwest of the Houston Ship channel. This is a small airport which does not see heavy air traffic but
is close to multiple emission sources both to the north and south.

This section presents the mobile and stationary Zenith DOAS VCDs measured during TRACER-AQ onboard the Mobile Air
Quality Lab 1 (MAQLT1), while highlighting the relationship between Zenith DOAS columns and in situ surface concentrations
observed during the field campaign. In particular, this relationship between surface and column is explored in more detail
through two case days, and is used to provide further context to the trace gas emissions that contributed to two O3 episodes

that occurred during the field campaign.
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3.1 Tropospheric NO, and HCHO Observed during TRACER-AQ

Figure 9 shows the time series of NO, Vertical Column Densities day by day for the month of September where the measured
in situ NO, concentrations are plotted in black. On most days the NO, VCD remains between 0.5-2 x 1016 molecules cm ™2,
with high measurements reaching peaks of about 4 x 10*® molecules cm™=2.These values agree well with previous studies
performed in Houston (Johansson et al., 2014; Rivera et al., 2010) as well as in Mexico City (Johansson et al., 2009). These
values are higher than those found in Europe (Wagner et al., 2010; Constantin et al., 2013) but lower than those found in major
Chinese cities (Wang et al., 2012; Huang et al., 2020). Due to the high level of uncertainty associated with the UV NO, data
product, all data shown in the case studies section are Visible NO, products only.

Many of the peaks in NO, VCDs also coincide with peaks of O,0,, which suggest these peaks are the result of path length
enhancements due to clouds (Platt et al., 1997). In particular, September 1,2, and 3 had significant enhancement of the 0,0,
ASC Ds in the early afternoon as can be seen in Figure A4. In order to correct for cloudy conditions the data was screened for
clouds using a color index comparing the radiance measured at 320 nm to 440 nm and the temporal smoothness of the color
index to filter small, scattered and optically thin clouds, and the differential AMF of O,0,(Wagner et al., 2014) to filter optically
thick clouds. To screen for clouds, a clear sky reference was developed for comparison. This reference was developed from
measurements made between September 22-26, a period of five days with no significant deviations of the 0,0, ASC Ds.
The clear sky reference was converted from individual date-times to each measurement’s solar zenith angles and grouped
accordingly. The clear sky reference was then interpolated to the solar zenith angle of each measurement, which gives the
expected clear sky reference at each measurement’s solar position. Color index values, after normalization to the reference,

less that 0.5 with a temporal smoothness indicator, normalized to each measurement period, less than 1 x 10~ %g~!

, were flagged
as optically thin or scattered clouds and removed from the dataset. In addition, measurements where the differential Air Mass
Factor(dAMF) of 0,0,, normalized to the clear sky reference, was less than 0.8 were flagged as optically thick clouds and
removed from the dataset.

HCHO, on the other hand, is much more well mixed during the field campaign than NO,. This is largely due to the pro-
duction of HCHO, especially in Houston’s urban core and surrounding industrial sites where the Pandora spent most of the
month driving through, being produced by secondary formation from other VOCs emitted by Houston’s oil refining and plastic
production industries. Near sources of both VOCs and HCHO, the HCHO VCDs peak to 4-5 x 106 molecules cm =2 with
typical values ranging between 1-3 x 106 molecules cm™2. In addition, some of the peaks in the HCHO VCD are not seen
by the surface measurements, and vice versa. For example, on September 9, the HCHO VCD from 13:00 to 15:00 CDT peaks
at multiple points to 4.5 x 10'® molecules cm ™2, however during this period there was no increase in the HCHO surface
concentration; in fact, the surface concentration showed a gradual decreasing trend over this period with no short term increase

in concentration while the HCHO VCDs were spiking.
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Figure 9. Time series of NO, VCDs for the month of September, separated by day and averaged every minute. The colored points represent

retrieved NO, at the UV and VIS wavelengths, and the black points represent the measured NO; in situ concentration.

3.2 Case Studies

At many points during the field campaign, both in situ and Zenith DOAS measurements show good correlation when the
instruments pass in proximity to a major source, such as on September 6 and 19 for NO,, and September 23 and 25 for HCHO.
This behavior indicates that the total vertical trace gas column is often influenced by trace gas conditions at the surface.
However, there are often periods when one of the measurements sees a large increase in trace the other does not, such as on
September 9 and 18, where the HCHO VCD rapidly increases with no corresponding increase in in situ concentration. This
behavior shows that the ability of surface measurements and vertical columns to agree is based on how related the entire trace
gas vertical distribution is to the surface conditions. While the vertical column densities and the in situ concentrations measured
describe different concentrations at different altitudes, they can be combined to give further information on the distribution of
trace gas directly overhead both instruments. By comparing the two measurement quantities, the ratio between the two can
be determined which corresponds to an altitude representing an estimated pseudo-mixing layer height of the trace gas. The
CSR can be compared to estimations of the true mixing layer height retrieved from ceilometer measurements to approximate
the vertical distribution of the trace gas measured and estimate whether the majority of the trace gas is located close to the
surface, elevated below the mixing layer height, or well mixed within the mixing layer. While the CSR will not have as
much information on the vertical profile than profiles retrieved from a sky scan, CSRs can be measured at a much faster rate,

being only limited by the time it takes to take a single measurement. This makes the CSR a more desirable quantity when
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Figure 10. Time series of HCHO VCDs for the month of September, separated by day and averaged every minute. The colored points
represent the retrieved HCHO VCD, and the black points represent the measured HCHO in situ concentration.

the air masses being measured can significantly change over short periods of time, as is the case for mobile measurements.
This behavior can be used to separate trace gas from elevated transport patterns, such as plumes, from local emissions, such
as vehicles, emissions related to airports, and provide further context into the underlying chemical processes of trace gases
observed by other instruments, namely the formation of Os.

Figure A5 shows the CSRs of NO, found using the 1 minute averages measurements of in situ and Pandora data collected
during TRACER-AQ, during the month of September. Typical values range from in the 10s of meters, representing NO,
columns influenced by vehicular emissions, to up to 2 km, representing elevated columns of NO,. While the mobile lab
remained stationary, typically CSRs were characterized consistent value close to 800 m for NO;, representing well mixed
columns as can be seen on most mornings. However, while the mobile lab traveled around the Houston area the CSRs can
quickly shift between surface and elevated regimes as many sources on the surface, such as industry and traffic congestion, are
seen by the instruments.

HCHO, on the other hand, is a more well mixed trace gas than NO, and as such will show fewer variations, both while the
mobile lab travels and remains stationary. Figure A6 shows the CSRs found by comparing 1 minute averages of both Pandora
and in situ measurements. Typical CSRs for HCHO are around 1-3 km, however there are also periods when the ratio increases
to upwards of 5 km, indicating large quantities of HCHO elevated well above the surface.

This behavior is especially clear on September 6, which is one of the days that the mobile lab remained parked at La Porte

Regional Airport. Starting at 10:50 CDT the NO, VCD increased from 0.5 — 1.5 x 1016 molecules em™2, with the in situ
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430 measurements lagging by approximately 20 minutes, when surface concentrations rose from 1-2 x 10! molecules cm™3.
This leads to a short increase in the CSR to 1.2 km before the surface concentrations caught up to the VCD measurements,
after which the CSR reduced back to approximately 500 m, indicating the observed NO, in the direct vicinity of the airport is

well mixed vertically, and any additional NO, transported into the measurement area mixes over time as well.
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Figure 11. Time series of NO, VCD, in situ concentration one minute averages(b), as well CSR, in black, and boundary layer height, in
green(a) for September 6. Aside from the boundary layer height, which is the diurnal variation averaged every 10 minutes, all data shown is

presented as 1 minute averages.

Of particular interest on the 6th is the time between 14:00 and 17:00 CDT, when local O3 monitors on the mobile lab

435 detected an O3 episode, where the mean O3 concentration remained above 20 x 10! molecules cm ™2 during the period. This
time period corresponds with two spikes in the CSR, one at 14:30 and another at 15:00. This first spike corresponds to a small
increase in both the NO, VCD from 1-1.5 x 10'% molecules em ™2 as well as the surface concentration, from 0.8-1.8 x 10!
molecules cm™3. However, due to the CSR already remaining elevated for the previous hour, only a small change in the CSR
occurs, from 600 m—1.5 km. On the other hand, the second spike in the CSR is entirely due to a large increase in the NO, VCD,

440 from 1-2.5 x 106 molecules em ™2 with no corresponding change in the in situ surface concentration, resulting in an increase
in the NO, CSR from 600 m-2.5 km. Both of these instances indicate the presence of large quantities of elevated NO, being

transported into the area around the airport during the O3 episode, likely the result of plumes from nearby emissions sources.

22



445

450

455

https://doi.org/10.5194/egusphere-2025-5179
Preprint. Discussion started: 19 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

In addition, while there is no corresponding in situ measurements on the 6th for HCHO in order to perform this analysis, the
HCHO VCD increases from 1.5—4 x 106 molecules cm~2 at 13:00 CDT, matching the observations of NO, while there is no
significant increase in HCHO at 14:30. Therefore, it is likely that the second plume included not just NO, but HCHO as well,
two well known tracers for Oz production.

In order to determine the origin of the observed plumes, the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT)(Stein et al., 2015) was used to simulate back-trajectories of the air masses observed during the O3 episode. Figure A8
shows four back-trajectories from 16:00 CDT (red) to 13:00 CDT (cyan). Based on the modeled trajectories, during the O;
episode the air masses measured transported largely from the north and northeast directions. In particular, the area directly
north of the small inlet that all four trajectories cross corresponds to one of the largest petrochemical refining complexes in the
city. This is a potential cause of the increases in both NO, and HCHO observed: large amounts of VOCs and NOy are produced
at refineries, and as such after spending more than an hour transporting south to the airport, a portion of both trace gas groups

had both reacted to form NO,, HCHO, which continued to mix at the airport to cause the O3 episode observed on this day.
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Figure 12. The driving route of MAQL1 on September 9 during the locally observed O3 episode. In addition, the maps show the Zenith
NO,(a) and HCHO(b) VCDs retrieved during this time frame. The arrows in the bottom right of each plot shows the average wind direction
collected from 5 airports located in the vicinity of the driving path. The average wind speed during this period was 3.56 m/s. All data shown

is presented as 1 minute averages.

On September 9 the mobile lab was driven around the suburban and rural areas to the direct south of Houston’s urban core,
with the map of the measurements during the O3z episode shown in Figure 12, and map of the full driving route shown in
Figure A9. This route differs from most of the routes traveled during TRACER-AQ in that the mobile lab did not travel close

to any major industrial centers, and instead had the opportunity to measure longer range transport away from both the urban
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core and industrial sites. Between 11:30 to 15:30, an extended O3 episode occurred, with surface O3 concentrations remaining
consistently around 20 x 10*! molecules cm™2 during the four hour period. The region the mobile lab was in during this

period is shown in Figure 12.
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Figure 13. Top: The CSR of HCHO (black) and corresponding diurnal averaged Boundary Layer Height (green) on September 9. Bottom:
The HCHO Tropospheric Vertical Column Density (red) and the in situ surface concentration (blue). Aside from the boundary layer height,

which is the diurnal variation averaged every 10 minutes, all data shown is presented as 1 minute averages.

Figure 13 shows the behavior of both the HCHO VCD and in situ concentration during this time. From 10:00 to 13:00
CDT the HCHO VCD remains consistent between 1-2 x 106 molecules em=2. This time period corresponds with the mobile
lab traveling further out of the Houston metropolitan area and into a more rural region. In addition, during this O3 episode,
as well as directly preceding a smaller event from 17:00 to 17:40 CDT, there are multiple spikes in the HCHO VCD between
4-5x 106 molecules cm™2 that are not present in the in situ surface concentration. However, during the entire day the surface
concentration remains elevated between 1-3 x 101! molecules ecm =3, with a spike to 5 x 101 molecules em =3 at around 9:10
CDT. This indicates that while the surface HCHO is well mixed , there are also elevated concentrations of HCHO also present.
These increases in the HCHO VCDs are likely due to secondary formation of HCHO in these areas. Due to this secondary
formation during the ozone episode, the CSR was more elevated when compared to the CSR values prior to the ozone episode,

which suggests that most of the observed HCHO during the ozone episode was not interacting at the surface.
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Figure 14. Top: The CSR of NO» (black) and corresponding diurnal averaged Boundary Layer Height (green) on September 9. Bottom: The
NO, Tropospheric Vertical Column Density (red) and the in situ surface concentration (blue). Aside from the boundary layer height, which

is the diurnal variation averaged every 10 minutes, all data shown is presented as 1 minute averages.

NO, saw a large increase of 0.5-1.5 x 106 molecules cm ™2 between 10:00 and 11:00 CDT as the instruments began to
travel out of the urban core, but quickly dropped to 0.5 x 10'® molecules cm~2. During the period of high O3 many of the
peaks seen in Figure 13 are also seen in Figure 14 such as at 13:30 and 15:00, which suggests that many of these elevated HCHO
concentrations were plumes that carried both HCHO and NO,. In addition, the NO, surface concentrations were influenced by
on road emissions, with the NO; in situ concentrations for most of the day showing high variations, at times shifting between
0.5-8 x 10 molecules em™3. In spite of this, at many of the peaks in both HCHO and NO, the NO, surface concentration
maintained a low and consistent value, which in turn resulted in CSRs well above the boundary layer in an elevated regime.

The behavior of both trace gases during the O; episode suggest that there are significant quantities of both HCHO and NO,
being transported into the area and interacting with the HCHO already present. This behavior can also be seen in Figure Al1,
when lower local ozone levels were recorded. While the NO, VCDs on September 26 were higher in the same area of the ozone
episode on September 9, background HCHO VCDs were between 1-1.5 x 106 molecules em ™2, significantly less than on

September 9, with no large increases in the same area where increases in HCHO were observed on September 9.

25



485

490

495

500

505

510

515

https://doi.org/10.5194/egusphere-2025-5179
Preprint. Discussion started: 19 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

In order to determine the origin of these air masses, wind data was collected from five airports located near the driving path
(Ellington Airport(29.6060, -95.1664), Houston Southwest Airport(29.5065, -95.4688), Pearland Regional Airport(29.5190,
-95.2421), Sugar Land Regional Airport(29.6271, -95.6556), William P. Hobby Airport (29.6442, 95.2786)). These airports
reported light winds between 0-5 m s~! from the northeast during the O3 episode, with the average of these locations being
3.95m s~! at 37.7°. This wind pattern indicates that the air masses likely originated from the urban core and industrial center

of Houston.
3.3 Discussion

While MAX-DOAS is more than capable of performing sky scans to retrieve vertical profiles, it is not possible to perform a
full sky scan on a moving vehicle: the air masses measured will change during the scan, affecting the measurements. However,
while the Zenith DOAS viewing geometry is capable of a more rapid measurement schedule than MAX-DOAS it is too limited
of a viewing geometry to describe vertical trace gas distributions. The addition of an in situ measuring instrument, as well as the
calculation of the CSR, can add more information on the vertical distribution of trace gas. While the CSR does not provide as
much information about the vertical trace as distribution as a full MAX-DOAS sky scan, this method does provide information
on the vertical transport of trace gas within the region, and provide real-time validation of the Mobile-DOAS measurements.

The identification and quantification of pollution sources can be enhanced by knowing the CSR. For instance, instruments
passing within the vicinity of industrial sources, such as petrochemical refineries which emit from flares or fossil fuel power
plants which emit from smokestacks, can give the appearance of a CSR in an elevated or well mixed regime. This behavior
deviates from typical CSRs based on on-road measurements, which are expected to be low due to the influence of vehicular
emissions.

Calculation of emission fluxes requires a wind profile to accurately determine the transport of emissions in space and time,
however prior emission flux papers that have been discussed in this paper assume a homogeneously distributed vertical column
density due to the technique’s inability to measure trace gas profiles. In lieu of a full profile, the CSR can be used to determine
the relevant portions of the trace gas profile where wind measurements are most needed, to provide a more accurate flux
measurement.

While most CSRs remain within reasonable estimations for the boundary layer height and the effect of elevated concentra-
tions on in situ surface measurements, there are times that the height spikes to well above the boundary layer. For instance, in
Figure A5 on September 1 at approximately 10:00 CDT the height spikes to around 10 km, well into the free troposphere. This
is well beyond the upper limits of the boundary layer, and could be the result of cloud enhancement, not screened by the method
used. Otherwise, this is an extreme example of an elevated concentration of NO,, where in spite of consistent NO, VCDs, the
lack of any measured concentration at the surface indicates that the NO, measured is entirely elevated and not interacting with
the surface.

The sensitivity to one of the measured quantities is also enhanced when the other quantity is close to zero. This is also true
of the same spike on September 1 at 10:00 CDT. not only is the VCD enhanced by clouds, but the low in situ concentrations

cause the CSR to remain large both both before and after the cloud enhancement, albeit at a lower height. The opposite case
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can be seen on September 26 between 17:00 and 18:00 CDT, where the surface concentrations measured showed high variation
between 1-10 x 101! molecules em™2. On the other hand, the NO, VCD remains below 1 x 106 molecules em™2, which
is among the lowest VCDs measured during the field campaign. This result is likely due to the presence of vehicles nearby
influencing surface concentrations, and leads to CSRs below 100 m, which is also among the lowest CSRs measured during

the field campaign.

4 Conclusions

During TRACER-AQ 2021 tropospheric vertical column densities of NO, and HCHO were measured on a mobile lab as
it traveled throughout Houston, Texas using the ZSL-DOAS remote sensing technique with collocated in situ instruments
measuring local surface concentrations. The two quantities were used to determine the CSR, which is then used to estimate
the vertical distribution of trace gas overhead the instruments, with low values representing a vertical distribution biased to the
surface, higher values that remain below the boundary layer representing well mixed distributions, and high values well above
the boundary layer height representing elevated distributions.

In addition, AMFs of Pandora Zenith measurements were estimated through radiative transfer measurements, based on
averages of aerosol properties retrieved from 6 AERONET instruments installed in the Greater Houston Area. In order to
estimate the uncertainty that averaging the aerosol properties introduce into the AMF estimations, three sensitivity studies
were conducted in order to determine the contribution to AMF uncertainty due to: daily averaging of SSA and ASY, hourly
averaging of AOD and aerosol profile, and the impact of a priori profile in the final AMF retrieval. All of these assumptions
combined to approximately 15% uncertainty for visible AMF estimations, and 20% for UV AMF estimations.

NO, VCDs ranged between 1-2 x 106 molecules cm ™2 during the field campaign, with peaks reaching upwards of 5 x 10*¢
molecules cm™2; this behavior is representative of previous ZSL-DOAS studies performed in Houston. On the other hand,
HCHO columns ranged between 1-3 x 10'¢ molecules em ™2 with peaks reaching 5 x 1016 molecules cm ™2, also matching
previous studies performed in Houston as well as Mexico City.

Through analysis of the CSR, it is possible to determine the effects of local sources on the measurement area. For instance,
On September 6, an O3 episode was observed while the instruments were parked at la Porte airport. During the episode, two
peaks in the NO, CSR, from 700 m to 1.5 km and 2.5 km, suggest that the increase in NO,, as well as HCHO were due
to transport of elevated concentrations of both trace gases, potentially from a major refinery complex directly North of the
instruments. In addition, on September 9, multiple spikes in both the NO, and HCHO VCDs suggest that the trace gases
driving local O; production were elevated, and likely transported from the urban core, which is located directly North of the
instrument’s area of operation at this time. These case studies demonstrate how future studies using mobile zenith DOAS
measurements, with the addition of collocated in situ measurements, can be used to infer information about trace gas vertical
distributions that that would not be available to either measurement technique alone. Especially in the context of a short term
field campaign, this technique can help to understand how representative measurements from long term monitoring stations at

the surface are of chemistry occurring aloft.
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Code and data availability. BlickP (https://www.pandonia-global-network.org’/home/documents/software/), libradtran
(https://www.libradtran.org/doku.php?id=download), QDOAS (https://uv-vis.aeronomie.be/software/), and HY SPLIT
(https://www.arl.noaa.gov/hysplit/) are all open source softwares available at the websites listed. All additional code for analysis and figure
preparation was written in Python and is available on request. All data related to the TRACER-AQ field campaign can be found at the
following data repository:tracer-aq data:https://www-air.larc.nasa.gov/cgi-bin/ArcView/traceraq.2021. All related AERONET data can be

found at the following website: https://aeronet.gsfc.nasa.gov/. All intermediate data products are available on request.
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Figure Al. NO, differential slant column densities retrieved at 460 nm from measurements on the reference day, September 22, plotted as a

function of the NO» AMFs retrieved at 460 nm from September 22. Each red dot represents the minimum ASC D in each bin which is used

for a linear fit which is used for Langley Extrapolation is shown as a red line. The reference column of NO, was estimated to be 6.17 x 10'°

molecules em ™2
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Figure A2. NO, differential slant column densities retrieved at 360 nm from measurements on the reference day, September 22, plotted as
a function of the NO, AMFs retrieved at 360 nm from September 22. Each red dot represents the minimum ASCD in each bin which is
used for a linear fit which is used for Langley Extrapolation is shown by the red line. The reference column of NO, was estimated to be

4.28 x 10'° molecules cm™?
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Figure A3. HCHO differential slant column densities retrieved at 340 nm from measurements on the reference day, September 22, plotted
as a function of the HCHO AMFs retrieved at 340 nm from September 22. The linear fit which is used for Langley Extrapolation is shown

as a red line. The reference column of HCHO was estimated to be 4.51 x 10'® molecules cm™?
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Figure A6. Time series of HCHO CSRs for the month of September. All data shown is presented as 1 minute averages.
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Figure A9. The full driving route of MAQL1 on September 9. In addition, the maps show the Zenith NO»(a) and HCHO(b) VCDs retrieved

during this time frame. All data shown is presented as 1 minute averages.
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Figure A10. The full driving route of MAQL1 on September 21. The Texas City dike is located at the bottom right corner of the map, which

is where the measurements used for the reference spectrum was taken. All data shown is presented as 1 minute averages.
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Figure A11. The full driving route of MAQL1 on September 26. The Texas City dike is located at the bottom right corner of the map, which

is where the measurements used for the reference spectrum was taken. All data shown is presented as 1 minute averages.
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