
1 
 

Diurnal and seasonal variability of ozone-precursor relationships in a 
semi-arid urban environment 
Megan L. Robertson1, Chayan Roychoudhury1, Keming Pan1, Mohammad Amin Mirrezaei1, Armin 
Sorooshian2, and Avelino F. Arellano1  
1Hydrology and Atmospheric Sciences, University of Arizona, Tucson, 85721, United States 5 
2Chemical and Environmental Engineering, University of Arizona, Tucson, 85721, United States 

Correspondence to: Megan L. Robertson (megrobertson@arizona.edu) 

Abstract. The southwestern United States is characterized by arid meteorology, responsive vegetation, intense solar radiation, 

anthropogenic emissions, and dust events that shape regional air quality. Elevated ground-level ozone (O3) concentrations are 

a primary air quality concern, driven by interactions between chemical precursors, including nitrogen oxides (NOx) and volatile 10 

organic compounds (VOCs), and meteorological variables. We examine these dynamics over Tucson, Arizona, using a multi-

platform correlation analysis of satellite total-column measurements from Tropospheric Emissions: Monitoring of Pollution 

(TEMPO), ground-based total-column and surface measurements from Pandora, surface measurements from U.S. EPA Air 

Quality System (AQS), and lidar-derived planetary boundary layer height (PBLH). We address three objectives: (1) 

characterize the diurnal and seasonal evolution of tropospheric nitrogen dioxide (NO2) and formaldehyde (HCHO), (2) quantify 15 

the strength and variability of O3-precursor relationships across diurnal and seasonal timescales, and (3) investigate evidence 

of nonlinear O3 formation behavior. We show that tropospheric O3 precursors exhibit distinct diurnal and seasonal trends with 

NO2 peaking during winter nighttime, HCHO peaking during monsoon summer with concentrations 2.5-3.7 times higher than 

non-monsoon periods, and O3 peaking in late spring and summer afternoons. The strongest O3-NO2 and O3-HCHO correlations 

occur during summer afternoons and when HCHO precedes O3 by several hours, respectively. Evidence of nonlinear O3 20 

behavior emerges through seasonal shifts in diurnal correlation structure. PBLH-normalization improves column-surface 

agreement for NO2 but not HCHO. These results highlight the importance of meteorology-chemistry-emissions coupling and 

the need to implement various observational contexts when interpreting precursor observations for O3 mitigation. 

1 Introduction 

Tropospheric Ozone (O3) is a secondary pollutant, formed through sunlight-initiated reactions of its precursors, volatile organic 25 

compounds (VOCs) and nitrogen oxides (NOx = nitrogen dioxide (NO2) + nitric oxide (NO)), rather than through direct 

emissions (Finlayson-Pitts and Pitts, 1993). Thus, O3 concentrations are inherently linked to the emissions of its precursors, 

meteorology, and competing chemical reactions that determine rates of production and loss (Monks et al., 2015). When these 

complex factors align, elevated concentrations of O3 pose substantial risks to both human health and ecosystems. O3 is a 

respiratory irritant linked to chronic illnesses such as asthma and chronic obstructive pulmonary disease (COPD). 30 
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Epidemiological studies have shown that an increase of 10 ppb in O3 concentrations results in a 1.1% increase in the hazard of 

all-cause mortality (Di et al., 2017). In addition to the health impacts posed by O3, it is also phytotoxic, reducing crop yield 

and damaging ecological health and environmental sustainability (Ramya et al., 2023). Thus, having a comprehensive 

understanding of the processes controlling the variability of O3 is imperative for the protection of human health and 

environmental management.  35 

 

These impacts are especially visible in semi-arid to arid regions such as the desert southwestern United States, where favorable 

environmental conditions often result in the rapid accumulation of O3. In Arizona, the intense sunlight and high temperatures 

enhance photochemical reaction rates, and precipitation events stimulate soil and vegetation, enhancing biogenic emissions 

and amplifying the potential for O3 build up (Sorooshian et al., 2024). This already favorable environment for O3 production 40 

is further complicated by the North American Monsoon, which contributes to variability of O3 concentrations by introducing 

sudden variations in moisture, cloud cover, and mixing (Malloy, 2018; Malloy and Cerveny, 2019). In addition, these regions 

are particularly responsive to climate change, such that increasing temperatures can increase O3 production even in the absence 

of changes in precursor emissions, also known as the climate penalty (Fu and Tian, 2019; Fiore et al., 2015; Parakkat et al., 

2025). Thus, O3 behavior in Arizona's Sun Corridor (a region of exceptional solar intensity and rapid urban growth connecting 45 

Phoenix and Tucson) is highly variable and necessitates a multi-platform investigation of the impacts of chemistry and 

meteorology on O3 formation. Despite its unique O3 environment, Tucson, which is the southern anchor of the Sun Corridor, 

has received disproportionately less scientific attention relative to Phoenix (Ajayi et al., 2025), representing a critical gap with 

implications for O3 research in semi-arid and arid urban regions globally (Mirrezaei et al., 2024). 

 50 

Fundamentally, O3 formation is determined by nonlinear chemical interactions of VOCs, NOx, and the cycling of radicals 

(Sillman, 2002; Monks, 2015; Pusede and Cohen, 2012). Specifically, O3 is produced when the oxidation of VOCs produces 

peroxy radicals which recycle NO into NO2, resulting in a net production of O3, whereas competing processes such as NO 

titration limit O3 accumulation (Finlayson-Pitts and Pitts, 1993; Monks et al., 2015). The efficiency of these competing 

processes is dependent upon the relative abundance of both VOCs and NOx, resulting in either VOC or NOx-limited chemical 55 

regimes (Sillman, 2002; Kleinman, 2005). These regimes vary temporally across diurnal and seasonal timescales, reflecting 

changes in emissions, radiation, and mixing as a function of time of day and season, which in turn drive a temporal dependence 

of O3 to its precursors (Jin et al., 2020). Meteorological shifts across diurnal and seasonal timescales also modify these 

relationships, such that the variability of O3 is dependent upon both chemistry and meteorology, rather than through a single 

factor (Fiore et al., 2012; Fiore et al., 2015; von Schneidemesser et al., 2015). O3 concentrations vary with nonlinear and time-60 

dependent chemical and meteorological relationships; hence, correlations between O3 and its precursors should be interpreted 

within the context of these coupled chemical and meteorological processes.  

 

https://doi.org/10.5194/egusphere-2026-3397
Preprint. Discussion started: 29 July 2026
c© Author(s) 2026. CC BY 4.0 License.



3 
 

However, effectively diagnosing these O3-precursor relationships from an observational standpoint requires leveraging 

multiple observational platforms that together provide complementary temporal, spatial, and chemical species information. In 65 

particular, key O3 precursors such as formaldehyde (HCHO), which stems from both anthropogenic and biogenic sources and 

carries information on VOC reactivity, are routinely under-sampled or absent from surface monitoring networks both in the 

United States and globally (Zhu et al., 2017; Wang et al., 2022; De Smedt et al., 2015). Surface observations, while directly 

relevant to human and agricultural exposure, are spatially limited and do not capture the vertical structure of precursors that 

influence tropospheric O3 formation (Fishman et al. 2008). Conversely, satellite column measurements capture broad spatial 70 

distributions of O3 precursors across local to regional scales, but their almost null vertical sensitivity limits the ability to resolve 

planetary boundary layer (PBL) processes, particularly for short-lived species such as HCHO and NO2, whose surface 

concentrations and column abundances can differ substantially depending on planetary boundary layer height (PBLH), mixing, 

and local emission sources (Fishman et al. 2008; Wang et al., 2022). Ground-based remote sensing instruments, including 

Pandora spectrometers and lidar, offer complementary strengths, such that Pandora provides high-precision total and 75 

tropospheric columns of NO2 and HCHO (Herman et al., 2009; Rawat et al., 2025), and lidar-derived PBLHs constrain vertical 

mixing and improve the translation of column observations to surface concentrations (Lamsal et al., 2008; Knepp et al. 2015; 

Sullivan et al., 2019). Geostationary and low-earth orbit satellite platforms, such as TEMPO (Zoogman et al. 2017), TROPOMI 

(Veefkind et al. 2012), and OMI (Levelt et al., 2018), provide high temporal and spatial resolution observations of atmospheric 

composition, yet their utility for diagnosing regional O3-precursor relationships depends on ground-based validation and 80 

interpretation (Verhoelst et al., 2021; Rawat et al., 2025). Establishing relationships between ground-level O3 and Pandora-

derived columns of HCHO and NO2 provides this observational bridge. Thus, the use of surface, ground-based remote sensing, 

and satellite observations enables a robust diagnosis of O3-precursor relationships and their chemical and meteorological 

drivers, with insights transferrable to semi-arid urban environments globally. 

 85 

Here, we use these observations to characterize O3 formation and its chemical and meteorological drivers in a specific site 

within Arizona’s Sun Corridor with three specific objectives: (1) examine the diurnal and seasonal evolution of NO2, HCHO, 

and O3 over Tucson, Arizona in 2024 to 2025 using Pandora column observations, U.S. EPA AQS surface measurements, and 

ground-based lidar, (2) quantify the strength and variability of O3-NO2 and O3-HCHO relationships across diurnal and seasonal 

timescales and assess how these relationships vary across surface, column, and remote sensing observational platforms, and 90 

(3) investigate nonlinear O3 formation by evaluating how O3 sensitivity to its precursors changes diurnally and seasonally. In 

doing so, this study applies Pandora-derived HCHO columns, lidar-constrained boundary layer normalization of satellite 

retrievals, and lagged O3-HCHO analysis in a semi-arid urban environment where such observations have been largely absent. 

This study provides the first diurnal and seasonal analysis of O3-precursor relationships in Tucson, advances understanding of 

the mechanisms controlling O3 variability in Arizona's Sun Corridor and establishes a transferrable framework for ground-95 

based validation of TEMPO in semi-arid regions where sparse measurements, complex terrain, and dust represent persistent 

observational challenges (Sorooshian et al., 2024; Lorente et al., 2017).  
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The remainder of this paper is organized as follows. Section 2 describes the study site, instrumentation, and analysis methods. 

Sect. 3 presents results organized around the diurnal and seasonal variability of NO2, HCHO, and O3, followed by an analysis 100 

of O3-precursor relationships including meteorological and chemical drivers, evaluation of TEMPO and Pandora column 

observations normalized by lidar-derived PBLH, and lagged O3-HCHO relationships. Section 4 provides conclusions and 

implications for O3 air quality management in semi-arid urban environments. 

2 Methods 

2.1 Site Descriptions 105 

For this study, we utilize three monitoring sites across Tucson, Arizona’s urban areas and city center (Fig. 1). The Children’s 

Park (CP) site (32.295°N, 110.982°W; AQS Site ID: 04-019-1028), operated by the U.S. EPA AQS as a National Core (NCore) 

monitoring station, is located in northwestern Tucson. The 22nd and Craycroft (C22) site (32.204°N, 110.878°W; AQS Site 

ID: 04-019-1011), also operated by U.S. EPA AQS, is located in southeastern Tucson. The Pandora spectrometer, hosted by 

NASA’s Pandora Global Network (PGN), is located in central Tucson atop the Gould-Simpson building at the University of 110 

Arizona (32.230°N, 110.955°W) at an altitude of 40 m. Each site is located within a shared ecological and anthropogenic 

landscape characterized by the Arizona Upland subdivision of the Sonoran Desert and surrounding urban development (Homer 

et al., 2020; Sorooshian et al., 2024). Figure 1 shows that each site utilized within the study is within the built-up land class. 

CP and C22 are located adjacent to shrubland land cover classes, whereas PGN is located in a denser built-up area.  

 115 
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Figure 1: Land cover classification of the state of Arizona and the city of Tucson. Pima County is outlined with a blue dashed line, 

and Arizona’s Sun Corridor is outlined with a blacked dashed line. Children’s Park (CP), 22nd & Craycroft (C22), and Pandora 

(PGN) are shown on the inset map with a blue circle, triangle, and square respectively.  

2.2 Instruments 

2.2.1 U.S. EPA Air Quality System (AQS) 120 

Surface O₃ and NO2 observations were obtained from the United States Environmental Protection Agency (U.S. EPA) Air 

Quality System (AQS) database for the CP monitoring site in Tucson, Arizona, spanning 01 January 2024, through 01 October 

2025.  Instruments report hourly measurements 24 hours per day. O3 observations were filtered to include only measurements 

bearing the XS qualifier, indicating traceability to the EPA Standard Reference Photometer (SRP) scale using the Hearn (1961) 

O3 absorption cross-section value of 308.32 atm⁻¹ cm⁻¹. It is noted that the EPA updated this cross-section value to 304.39 32 125 

atm⁻¹ cm⁻¹ beginning 01 January 2025, which may introduce a small systematic offset between 2024 and 2025 O3 data. NO2 

observations were filtered to remove all adverse qualifiers. Unlike O3, no standard reference was provided for NO2. Outliers 

were additionally removed if they exceeded three times the median absolute deviation (MAD) of the entire data (Leys et al., 

2013). Instrument specifications and measurement methods are summarized in Table 1. 

Table 1: Surface O3 and NO2 instrumentation at the EPA Air Quality System (AQS) monitoring sites in Tucson, Arizona. 130 

Pollutant Site Instrument Measurement Method Detection Limit 

NO2 22nd & Craycroft (C22) Teledyne T500U CAPS spectroscopya 0.04 ppb 

NO2 Children’s Park (CP) Thermo Model 42 Chemiluminescenceb 1.0 ppb 

O3 22nd & Craycroft (C22) Thermo Model 49 UV photometryc 0.005 ppb 

O3 Children’s Park (CP) Thermo Model 49 UV photometryc 0.005 pbb 
a Federal Equivalent Method (FEM), EQNA-0514-212 
b Federal Equivalent Method (FEM), RFNA-1289-074 
c Federal Equivalent Method (FEM), EQOA-0880-047 

Note: O3 measurements are reported in ppm in the AQS dataset and converted to ppb. 

2.2.2 Pandora 135 

Tropospheric column and surface retrievals of NO2 and HCHO were obtained from a Pandora spectrometer as part of NASA’s 

Pandonia Global Network (PGN). Pandora instruments measure direct solar irradiance and sky-scattered radiance in the UV–

visible spectral range. Total columns are retrieved using direct-sun Differential Optical Absorption Spectroscopy (DOAS), in 

which narrow-band absorption features in the measured spectra are fit to reference cross-sections to determine slant column 

densities that are subsequently converted to vertical columns using geometric air mass factors (Herman et al., 2009). 140 

https://doi.org/10.5194/egusphere-2026-3397
Preprint. Discussion started: 29 July 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

Tropospheric column and surface concentrations estimates are retrieved using Multi-Axis DOAS (MAXDOAS) sky-scanning 

observations (Rawat et al., 2025; Cede et al., 2025). Measurements are recorded approximately every 1-2 minutes under clear-

sky conditions. The effective horizontal sensitivity is typically a few kilometers near local noon and increases to approximately 

10-20 km at larger solar zenith angles, with vertical sensitivity spanning the troposphere above the instrument (Cede et al., 

2025). Pandora Level 2 data quality flags were used to filter retrievals. Flags 0 and 10 correspond to high-quality retrievals, 145 

while flags 1 and 11 correspond to medium-quality retrievals where at least one diagnostic exceeded the primary quality 

threshold, for which the reported uncertainty may slightly underestimate the true uncertainty (Cede et al., 2025). Retrievals 

with low-quality or unusable flags were excluded. Products used in this analysis include NO2 and HCHO tropospheric columns 

and surface concentration estimates, collocated using the two nearest grid cells of the Gould-Simpson building. 

2.2.3 TEMPO 150 

Tropospheric NO2 and HCHO retrievals were obtained from the Tropospheric Emissions: Monitoring of Pollution (TEMPO) 

geostationary spectrometer (Zoogman et al., 2017). In this study we use the Level 3 gridded products for NO2 and HCHO 

(DOI: 10.5067/IS-40e/TEMPO/NO2_L3.003 and 10.5067/IS-40e/TEMPO/HCHO_L3.003), which aggregate Level 2 

retrievals from a full scan cycle and map them onto a regular latitude-longitude grid (Nowlan et al., 2025). Key specifications 

of the TEMPO instrument and Level 3 data products are summarized in Table 2. 155 

Table 2: TEMPO instrument and data specifications used in this study.  

Property Specification 

Instrument type UV-visible grating spectrometer 

Spectral range 293-494 nm, 538-741 nm 

Spectral resolution ~0.6 nm 

Native pixel resolution (Level 2) ~2.0 km x 4.75km (nadir) 

Level 3 grid resolution 0.02° x 0.02° 

Temporal resolution ~1 hour daytime sampling 

Retrieved species NO2: vertical_column_troposphere; HCHO: vertical_column 

 

To compare TEMPO retrievals with ground-based measurements, TEMPO grid cells were paired with monitoring locations in 

Tucson, Arizona, including Pandora and CP sites. For each site, the nearest TEMPO grid cell was extracted to represent the 

satellite column of NO2 and HCHO at that location. Satellite and ground-based data were matched temporally by pairing 160 

TEMPO timeseries of the selected grid cell with both Pandora and CP data, retaining only pairs sampled within 30 minutes of 

https://doi.org/10.5194/egusphere-2026-3397
Preprint. Discussion started: 29 July 2026
c© Author(s) 2026. CC BY 4.0 License.



7 
 

one another. The values were then floored to their shared hour. These paired datasets were used for subsequent correlation and 

sensitivity analyses. 

Biases between TEMPO and Pandora column retrievals were evaluated at the PGN site using the satellite-ground observation 

pairs described above. For each dataset pair, bias was calculated as 165 

𝑀𝑒𝑎𝑛	𝐵𝑖𝑎𝑠 = 𝑚𝑒𝑎𝑛(𝑋!"#$% − 𝑋$&')                                (1) 

where 𝑋!"#$% represents the TEMPO column retrieval extracted from the nearest grid cell to the PGN site and 𝑋$&' represents 

the corresponding Pandora column retrieval within the matching time window. 

2.2.4 Ceilometer 

PBLH were derived using the ceilometer observations from the Lufft CHM15k instrument, located at the C22 site of the 170 

Unified Ceilometer Network (UCN; https://www.ucn-portal.org/). Key technical specifications of the ceilometer are 

summarized in Table 3. Raw backscatter signals were both range-corrected and quality flagged before their upload to the 

Unified Ceilometer Network server. The attenuated backscatter (b) profiles were averaged on 10-minute windows and a 50 m 

vertical smoothing interval. Only heights above 100 m were used to reduce noise contamination in the near-surface signal.  

The PBLH was calculated using the aerosol backscatter gradient method based on Vaisala Corporation algorithm, similar to 175 

the method used in Caicedo et al. (2017), however, modified to adapt for Lufft CHM15k instrument (Wiegner and Geiß, 2012). 

PBLH values were considered where negative b gradients satisfied both a minimum absolute change of 5×10⁻³ m⁻¹ sr⁻¹ and a 

minimum 10% relative decrease in backscatter within the adjacent level. The lowest altitude which satisfied both these criteria 

was chosen as the PBLH, assuming that the vertical profile of aerosols at the near surface is approximated as the depth of 

turbulent mixing (Stull, 2012; Siebert et al., 2000). Moreover, the PBL was given an upper limit of 300 m within two hours 180 

after sunrise, such that misidentification of the residual capping inversion would be mitigated. Lastly, the retrieved PBLH 

values were visually inspected, with spurious values corrected or removed, and retrievals affected by cloud contamination 

were removed if there existed a strong positive gradient in the attenuated backscatter (Caicedo et al., 2017).  

Table 3: Technical specifications of the Tucson ceilometer used for boundary layer retrieval. 

Latitude Longitude Elevation Vertical resolution Temporal Resolution Wavelength 

32.20° N 110.87° W 788 m 10 m 16 s 1064 nm 

The PBLH varies from a few hundred meters to a few kilometers during the day, which significantly alters the extent of 185 

pollutants mixing (Ayazpour et al., 2023; Du et al., 2020; Foskinis et al., 2024; Jin et al., 2022; Su et al., 2018). Here, the 
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ceilometer-derived PBLH is used to normalize the column observations of HCHO and NO2 by dividing the PGN and TEMPO 

column measurements by the PBLH and thereby enabling a fair comparison with measurements that represent surface 

concentrations (Souri et al., 2023; Valin et al., 2015; Valin et al., 2011). 

2.3 Correlations 190 

To quantify O3-precursor relationships, Pearson and Spearman correlation coefficients were calculated for O3-NO2 and O3-

HCHO pairs across surface, column, and satellite datasets. These pairs were constructed following the procedures described 

in Sect. 2.2.1-2.2.3, including pairs from U.S. EPA AQS surface measurements, PGN column retrievals, and TEMPO satellite 

observations. The Pearson correlation coefficient is defined as  

𝑟 = ()*(,,.)
0!0"

                                                                                                                                                                                 (2) 195 

where 𝑐𝑜𝑣(𝑋, 𝑌) is the covariance of variables X and Y and 𝜎, and 𝜎. are their respective standard deviations. The Spearman 

correlation coefficient is defined as  

𝜌 = ()*(1234(,),1234(.))
0#$%&(!)0#$%&(")

                                                                                                                                                              (3) 

where 𝑟𝑎𝑛𝑘(𝑋)  and 𝑟𝑎𝑛𝑘(𝑌)  are the ranked values of 𝑋  and 𝑌  and 𝜎1234(,)  and 𝜎1234(.)  are their standard deviations, 

respectively. Pearson correlations capture linear relationships while Spearman correlations provide a non-parametric measure 200 

robust to non-normal distributions and nonlinear relationships (Wilcox, 2016).  

2.4 Lagged O3-HCHO Correlations 

To account for the photochemical timescale associated with O3 production from VOC precursors, lagged O3-HCHO correlation 

analyses are performed. Surface O3 does not respond instantaneously to changes in its precursors, but rather the oxidation of 

VOCs produces HCHO as an intermediate product. The subsequent formation of O3 occurs over timescales of hours depending 205 

on NOx availability, photolysis rates, and meteorological conditions (Finlayson-Pitts and Pitts, 1993; Qu et al., 2021; Volkamer 

et al., 2005). Standard concurrent correlations between O3 and HCHO may therefore underestimate the true strength of the O3-

precursor relationship by neglecting this photochemical delay. To capture this, O3 observations were paired with HCHO 

observations preceding the O3 observations by zero to 12 hours. This lagged pairing represents the chemical production 

timescales of VOC oxidation and O3 formation under typical boundary layer conditions in a semi-arid urban environment. 210 

Spearman correlation coefficients are calculated for each lagged-hour case following the procedure described in Sect. 2.3. 

Across all 13 lagged-hour cases, the correlation coefficients of greatest magnitude for each month and hour pair were retained 

for analysis. This is used to identify the characteristic photochemical delay between VOC oxidation and surface O3 formation. 
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3 Results and Discussion 

3.1 Seasonal and diurnal variability 215 

Seasons are defined following prior studies related to surface O3 in Arizona (e.g., Greenslade et al., 2024) as: March-May 

(MAM) for spring, June (J) for dry-summer, July-August (JA) for monsoon-summer, September-November (SON) for fall, 

and December- February (DJF) for winter. Times of day are grouped as morning (08:00-11:00 local time [LT]), afternoon 

(12:00-15:00 LT), and evening (16:00-19:00 LT), corresponding to the daylight hours over which Pandora and TEMPO 

retrievals are available and during which photochemical activity drives O3 production and precursor variability. 220 

3.1.1 NO2 variability 

Surface NO2 shows a similar seasonal cycle across sites and instruments, with maxima in the winter (11.1 ppb: CP, see Table 

1) and minima throughout spring and dry summer (0.9 ppb: CP) as shown in Fig. 2(a) and Table 4. This pattern is consistent 

with reduced photochemical loss and a lower PBLH in winter, as well as an increase in photolysis and mixing during the 

summer months (Monks et al., 2015). There is a reduction of month-to-month variability in PGN column retrievals compared 225 

to those of surface observations, with median relative changes of 24% and 9% month to month for CP and PGN column, 

respectively. The observed shift in the seasonal cycle suggests that the column retrievals are more sensitive to regional-scale 

processes and background conditions than that to near-surface emissions alone (Lamsal et al., 2008; Harkey and Holloway, 

2024). This reduced variability is consistent with the smoothing effect of vertical integration, thus resulting in a muted seasonal 

cycle (Harkey and Holloway, 2024).  230 
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Figure 2: Seasonal and diurnal variability of NO2 across surface and column observations in Tucson, Arizona. (A) Monthly median 

NO2 concentrations across all sites and platforms for the full study period (2024–2025), shown for daylight hours (07:00–17:00 LT). 

Seasonal median NO2 diurnal cycles are shown for (B) spring (MAM), (C) dry summer (J), (D) monsoon summer (JA), (E) fall 

(SON), and (F) winter (DJF). Box plots show the median (center line), interquartile range (IQR; box), and 1.5×IQR (whiskers). 235 
Colors indicate CP surface (blue), PGN surface (orange), and PGN column (yellow) observations. Units for surface observations are 

ppb and for column retrievals are 1015 molecules cm⁻2. 

 

Table 4: Seasonal median ± IQR summary for NO2 across hours and observations. 

Hours Site MAM J JA SON DJF Units 

8:00-11:00 CP 3.1 ± 5.1 2.5 ± 3.5 3.2 ± 2.6 6.6 ± 8.4 11.1 ± 8.8 ppb 

8:00-11:00 PGN sfc 2.6 ± 2.9 2.4 ± 2.6 3.3 ± 2.8 3.6 ± 4.0 4.3 ± 3.4 ppb 

8:00-11:00 PGN col 3.2 ± 2.7 3.1 ± 2.3 3.5 ± 2.3 3.7 ± 2.8 3.6 ± 2.8 1015 molec cm-2 

8:00-11:00 TEMPO @ CP 3.4 ± 2.5 3.3 ± 1.8 3.4 ± 1.9 3.6 ± 2.9 4.5 ± 3.0 1015 molec cm-2 

8:00-11:00 TEMPO @ PGN 3.6 ± 2.5 3.5 ± 2.2 3.9 ± 2.5 3.9 ± 3.2 4.2 ± 3.0 1015 molec cm-2 
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12:00-15:00 CP 0.9 ± 0.8 0.9 ± 0.8 1.5 ± 0.6 1.7 ± 1.3 2.9 ± 2.3 ppb 

12:00-15:00 PGN sfc 1.1 ± 0.7 1.11 ± 0.6 1.5 ± 0.7 2.0 ± 1.9 2.5 ± 2.4 ppb 

12:00-15:00 PGN col 1.8 ± 1.4 1.8 ± 1.0 2.2 ± 0.9 2.3 ± 1.9 2.8 ± 2.3 1015 molec cm-2 

12:00-15:00 TEMPO @ CP 1.9 ± 1.4 2.2 ± 1.3 2.7 ± 1.3 2.5 ± 1.7 2.6 ± 2.1 1015 molec cm-2 

12:00-15:00 TEMPO @ PGN 2.2 ± 1.7 2.7 ± 1.7 3.2 ± 1.7 2.6 ± 2.0 2.6 ± 2.1 1015 molec cm-2 

16:00-20:00 CP 1.6 ± 2.3 1.5 ± 2.0 2.4 ± 2.0 4.35 ± 7.0 6.5 ± 8.8 ppb 

16:00-20:00 PGN sfc 0.9 ± 0.5 1.0 ± 0.5 1.5 ± 0.8 1.3 ± 0.7 1.8 ± 1.4 ppb 

16:00-20:00 PGN col 1.6 ± 1.1 1.7 ± 0.9 2.6 ± 1.3 2.1 ± 1.2 2.3 ± 1.6 1015 molec cm-2 

16:00-20:00 TEMPO @ CP 1.9 ± 1.46 2.2 ± 1.6 3.0 ± 2.5 2.6 ± 2.1 2.2 ± 1.5 1015 molec cm-2 

16:00-20:00 TEMPO @ PGN 2.5 ± 2.0 2.9 ± 1.9 3.4 ± 2.3 3.0 ± 1.8 2.2 ± 1.5 1015 molec cm-2 

 240 

In regard to the diurnal structure of NO2, concentrations are consistent with prior studies such that NO2 peaks during the 

morning rush hour, and declines as NO₂ undergoes photolysis in the late morning and afternoon (Jin et al., 2025; Greenslade 

et al., 2024), as shown in Fig. 2(b-f). The morning variability of NO2 is much stronger in the early fall and winter as compared 

to late spring and summer, stemming from the photolysis rate increasing in the warmer months (Finlayson-Pitts and Pitts, 

1993). After declining to near minimum concentration in the early afternoon, NO2 remains relatively stable due to photolytic 245 

destruction and strong atmospheric mixing and dilution. This effect is especially apparent in the dry and monsoon summers 

where concentrations do not rise again until the evening, unlike winter where concentrations begin to rise in the mid-afternoon. 

As NO2 concentrations begin to increase once again, they coincide with both the evening rush hour and the reduction of 

sunlight driving photolysis (Jin et al., 2025; Greenslade et al., 2024). CP NO2 concentrations are greater than those of PGN 

surface in the evening for every season, resulting from the smoothing effect of PGN’s surface approximation of the column 250 

retrievals (Harkey and Holloway, 2024; Knepp et al., 2015). Overall, the seasonal and diurnal variability of NO2 across surface 

and column observations reflects the combined influence of photochemical activity, boundary layer dynamics, and emission 

patterns, with column observations capturing a smoother, regionally integrated signal compared to the more emission-sensitive 

surface measurements.  

3.1.2 HCHO variability 255 

HCHO shows a distinct seasonal cycle across surface and column observations, with maxima during monsoon summer (JA) 

(4.5 ppb: PGN, 08:00-11:00 LT) and minima during winter (DJF) (2.05 ppb; PGN, 16:00-20:00), as shown in Fig. 3(a) and 

Table 5. This pattern is opposite to that of NO2 and is consistent with enhanced photochemical production and biogenic VOC 

emissions during the warm and humid monsoon months, when vegetation activity, solar radiation and precipitation are at their 

peak. The winter minimum reflects the suppression of photochemical HCHO production under reduced solar radiation, lower 260 

temperatures, and diminished biogenic VOC emissions during the cold and dry season (Finlayson-Pitts and Pitts, 1993; Monks 
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et al., 2015). The transition from the dry summer to the onset of the monsoon-summer is associated with a substantial increase 

in HCHO, with relative changes of 35% at PGN surface and 61% at PGN column, shown in Table 6. In contrast, background 

(non-monsoon) month-to-month variability is expectedly lower, with average relative changes of 14% and 16% for PGN 

surface and PGN column, respectively. This results in monsoon-to-background ratios of 2.5 for PGN surface and 3.7 for PGN 265 

column, showcasing a monsoon-driven enhancement in HCHO beyond the typical seasonal variability. This enhancement 

provides evidence of enhanced biogenic VOC emissions and photochemical HCHO production during the North American 

Monsoon in the Sonoran Desert (e.g., Youn et al., 2013; Sorooshian et al., 2024). 

 
Figure 3: Seasonal and diurnal variability of HCHO across surface and column observations in Tucson, Arizona. (A) Monthly 270 
median HCHO concentrations across all sites and platforms for the full study period (2024–2025), shown for daylight hours (07:00–

17:00 LT). Seasonal median HCHO diurnal cycles are shown for (B) spring (MAM), (C) dry summer (J), (D) monsoon summer (JA), 

€ fall (SON), and (F) winter (DJF). Box plots show the median (center line), interquartile range (IQR; box), and 1.5×IQR (whiskers). 

Colors indicate PGN surface (orange) and PGN column (yellow) observations. Units for surface retrievals are ppb and for column 

retrievals are 1016 molecules cm⁻2. 275 
 

Table 5: Seasonal median ± IQR summary for HCHO across hours and observations. 
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Hours Site MAM J JA SON DJF Units 

8:00-11:00 PGN sfc 2.5 ± 1.6 3.6 ± 2.0 4.5 ± 2.2 3.7 ± 2.5 2.6 ± 2.2 ppb 

8:00-11:00 PGN col 0.4 ± 0.2 0.6 ± 0.2 0.8 ± 0.2 0.5 ± 0.3 0.3 ± 0.2 1015 molec cm-2 

8:00-11:00 TEMPO @ PGN 0.6 ± 0.5 0.9 ± 0.6 1.1 ± 0.7 0.8 ± 0.6 0.4 ± 0.5 1015 molec cm-2 

12:00-15:00 PGN sfc 1.9 ± 1.2 2.6 ± 1.7 4.0 ± 2.0 3.3 ± 2.6 2.4 ± 2.0 ppb 

12:00-15:00 PGN col 0.4 ± 0.2 0.6 ± 0.2  0.9 ± 0.3 0.5 ± 0.3 0.3 ± 0.2 1015 molec cm-2 

12:00-15:00 TEMPO @ PGN 0.6 ± 0.5 1.0 ± 0.7 1.1 ± 0.7 0.8 ± 0.7 0.4 ± 0.6 1015 molec cm-2 

16:00-20:00 PGN sfc 1.8 ± 1.3  2.3 ± 1.3 3.6 ± 1.9 4.5 ± 2.3 2.1 ± 1.5 ppb 

16:00-20:00 PGN col 0.4 ± 0.2 0.6 ± 0.3 0.8 ± 0.3 0.6 ± 0.2 0.3 ± 0.1 1015 molec cm-2 

16:00-20:00 TEMPO @ PGN 0.3 ± 0.8 0.7 ± 0.9 0.9 ± 0.9 0.7 ± 0.9 0.2 ± 0.7 1015 molec cm-2 

 

Table 6: Relative monsoon enhancement of HCHO (June to July) and background (non-monsoon) variability. 

Dataset Monsoon Change Background Change Monsoon / Background 

PGN sfc 35% 14% 2.5 

PGN col 61% 16% 3.7 

The diurnal structure of HCHO differs markedly from that of NO2, with surface concentrations generally increasing and 280 

peaking in the morning, consistent with photochemical production from VOC oxidation (Stavrakou et al. 2015; Jin et al., 2025; 

De Smedt et al., 2015), as shown in Fig. 3(b-f). Morning HCHO variability is most pronounced in the monsoon and dry 

summers, driven by the combination of high biogenic VOC emissions and intense solar radiation in these seasons. While PGN 

column shows a distinct seasonal variability, there is minimal diurnal variability in comparison to surface retrieval data, as 

shown in Fig. 3(b-f). This muted diurnal structure may be partly attributable to the near-balance between HCHO production 285 

from VOC oxidation and its rapid photochemical loss via photolysis and OH oxidation, which together maintain HCHO 

concentrations in a near-steady state during daylight hours (Stavrakou et al., 2015). The smoothing effect of vertical integration 

further dampens the diurnal signal in column retrievals (Harkey and Holloway, 2024). This is evident through the lack of a 

distinct HCHO morning peak in PGN columns, whereas the morning peak is present in PGN surface retrievals. The morning 

peak of HCHO may be attributed to the emissions of anthropogenic VOCs and the accumulation of HCHO under a shallow 290 

boundary layer. However, this attribution is challenging due to the multiplicity of sources, including mobile sources (vehicle 

exhaust), stationary sources (industry), and biogenic sources, as well as the temporal variability of emissions (Borbon et al., 

2013). Overall, the seasonal and diurnal variability of HCHO reflects the dominant influence of photochemical production and 

biogenic VOC emissions, with the monsoon period driving the strongest enhancements and column retrievals providing a 

regionally integrated view of VOC oxidation that complements the near-surface perspective of surface retrievals. 295 
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3.1.3 O3 variability 

Surface O3, measured at CP, shows a distinct seasonal cycle, peaking during monsoon summer (JA) at 60 ppb and reaching a 

minimum during winter (DJF) at 23.5 ppb, as shown in Fig. 4(a) and Table 6. The summertime maximum is indicative of 

enhanced photochemical production driven by increased solar radiation and precursor availability consistent with prior regional 

studies in Arizona (Ajayi et al., 2025; Parakkat et al., 2025; Betito et al., 2024; Greenslade et al., 2024; Guo et al., 2024; 300 

Sorooshian et al., 2024). The wintertime minimum reflects reduced photochemical production under lower solar radiation and 

enhanced O3 loss via NO titration (Pusede et al., 2015; Nussbaumer and Cohen, 2020). Notably, O3 deviates from the broader 

summertime maximum such that June exhibits lower concentrations than spring, suggesting that the pre-monsoon transition 

in meteorological conditions, including increased moisture, cloud cover, and vertical mixing, may temporarily suppress 

photochemical O3 production prior to the full onset of the monsoon (Guo et al., 2024; Sorooshian et al., 2024). 305 

 
Figure 4: Seasonal and diurnal variability of surface O3 at CP in Tucson, Arizona. (A) Monthly median O3 concentrations across 

one site for the full study period (2024–2025), shown for daylight hours (07:00–17:00 LT). The seasonal median O3 diurnal cycle is 

shown for (B) spring (MAM), (C) dry summer (J), (D) monsoon summer (JA), (E) fall (SON), and (F) winter (DJF). Box plots show 

the median (center line), interquartile range (IQR; box), and 1.5×IQR (whiskers). 310 
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Table 7: Seasonal median ± IQR summary for O3 across hours at CP.  

Hours Site MAM J JA SON DJF Units 

8:00-11:00 CP 45 ± 16 45 ± 16 50 ± 14 35 ± 21.8 24 ± 18 ppb 

12:00-15:00 CP 55 ± 11 53 ± 13 60 ± 10 49 ± 14 44 ± 8 ppb 

16:00-20:00 CP 51 ± 13 49 ± 11 53 ± 13 41 ± 19 33 ± 20 ppb 

Like NO2 and HCHO, the diurnal structure of O3 reflects the underlying photochemical activity across all seasons, as shown 

in Fig. 4(b-f) and Table 6. However, in contrast to NO2, O3 shows a distinct late morning to afternoon peak, inversely mirroring 

the diurnal cycle of NO2 and reflecting the well-known photochemical coupling between these species observed in previous 315 

studies for Arizona (e.g., Ajayi et al., 2025; Greenslade et al., 2024). This relationship is examined in detail in Sect. 3.2. 

Morning O3 concentrations are lower across all seasons, building through the late morning as photolysis of NO2 drives O3 

production. O3 remains relatively persistent in the afternoon, particularly during monsoon summer where concentrations 

remain above 50 ppb past 17:00 LT. This afternoon persistence reflects the continued balance between photochemical O3 

production and its loss pathways, where sustained precursor availability, high temperatures, and solar radiation maintain O3 320 

concentrations even as photolysis rates begin to decline in the late afternoon (Pusede et al., 2015; Nussbaumer and Cohen, 

2020). This persistence is less apparent in winter, where O3 peaks sharply in the afternoon (44 ppb: CP, 12:00–15:00 LT) and 

declines more rapidly, consistent with weaker photochemical activity and a shallower boundary layer during the cold season. 

The seasonal and diurnal variability of NO2, HCHO, and O3 collectively reflect the photochemical and meteorological drivers 

of O3 formation in Tucson, with the following subsection examining the consistency between TEMPO and Pandora column 325 

retrievals across these seasonal and diurnal timescales. 

3.1.4 TEMPO and PGN column retrieval bias 

The performance of TEMPO tropospheric column NO2 and total column HCHO retrievals are assessed through comparison 

with co-located Pandora column retrievals. Here, biases between TEMPO and PGN are evaluated to provide insight into the 

limitations of the correlative analysis presented in this study.  330 
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Figure 5: Seasonal and diurnal variability of TEMPO and Pandora tropospheric column NO2 observations in Tucson, Arizona. (A) 

Monthly median NO2 columns for the full study period (2024–2025), shown for daylight hours (07:00–17:00 LT). Seasonal median 

diurnal cycles are shown for (B) spring (MAM), (C) dry summer (J), (D) monsoon summer (JA), (E) fall (SON), and (F) winter 

(DJF). Box plots show the median (center line), interquartile range (IQR; box), and 1.5×IQR (whiskers). Colors indicate PGN column 335 
(purple) and TEMPO @ PGN (orange) observations. The red dashed line and right axis indicate the mean bias (TEMPO − PGN 

column) in 1015 molecules cm⁻². Units for column observations are 1015 molecules cm⁻2. 

 

The observed diurnal and seasonal bias trends between TEMPO and PGN tropospheric columns NO2 are consistent with known 

retrieval behavior described in Ghahremanloo et al. (2025), whereby TEMPO underestimates NO2 at high column densities in 340 

the winter months and overestimates at low column densities in the summer months (Fig. 5). The underestimation of NO2 in 

the winter reflects a low-boundary layer height and higher solar zenith angles, both of which reduce retrieval accuracy and 

increase uncertainty (Ghahremanloo et al., 2025). Additionally, early-morning and near-sunset retrievals are less accurate than 

those obtained in the midday, due to radiative transfer uncertainties at high solar zenith angles and inaccuracies of the 

simulation of diurnal boundary layer height variations (Ghahremanloo et al., 2025). Generally, however, TEMPO mirrors the 345 

diurnal and seasonal trends represented in PGN tropospheric NO2 retrieval with biases less than 1.5x1015 molecules cm-2. 

Notably, as the Pandora instrument is located at an altitude of 738 m above sea level (ASL), additional uncertainties arise 
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because the PGN does not take into account the vertical distribution of NO2 below this altitude, whereas TEMPO integrates 

the entire tropospheric column (Ghahremanloo et al., 2025). 

 350 

Figure 6: Seasonal and diurnal variability of TEMPO and Pandora total column HCHO observations in Tucson, Arizona. (A) 

Monthly median HCHO columns for the full study period (2024–2025), shown for daylight hours (07:00–17:00 LT). Seasonal 

median diurnal cycles are shown for (B) spring (MAM), (C) dry summer (J), (D) monsoon summer (JA), (E) fall (SON), and (F) 

winter (DJF). Box plots show the median (center line), interquartile range (IQR; box), and 1.5×IQR (whiskers). Colors indicate 355 
PGN surface (purple), TEMPO @ PGN (orange), and mean bias TEMPO − PGN column (red dashed line, right axis) in 1015 

molecules cm⁻2. Units for column observations are 1016 molecules cm⁻2. 

Annually, the biases between TEMPO and PGN total column HCHO retrievals are positive indicating that TEMPO 

systematically overestimates PGN total column HCHO retrievals across all seasons and hours (Fig. 6). This is in contrast to 

the NO2 bias, which shows both positive and negative values depending on the season. Consistent with findings from Rawat 360 

et al. (2026) the bias is relatively small in the winter (< 2x1015 molecules cm-2) and larger during monsoon-summer (3.5x1015 

molecules cm-2), indicative of higher HCHO concentrations amplifying errors. Moreover, enhanced photochemistry and 

increased biogenic VOC emissions during the monsoon further increase the potential bias between TEMPO and PGN, 

particularly as Pandora poorly captures the complexity of the vertical distribution of HCHO during periods of peak emissions 
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(Rawat et al., 2026). In addition, PGN does not accurately reproduce the vertical shape of the HCHO profile, exhibiting a high 365 

bias near the surface and a low bias near the top of the boundary layer (Sebol et al., 2025). As the Pandora instrument at the 

Gould-Simpson building is located at 738 m ASL, biases between TEMPO and PGN are expected to increase due to the 

unobserved vertical component of HCHO below instrument level. Diurnally, TEMPO captures an afternoon enhancement of 

HCHO that PGN does not, likely reflecting Pandora’s limited sensitivity to the vertical distribution of HCHO close to the 

surface (Sebol et al., 2025). While PGN surface retrievals display a consistent diurnal cycle, peaking ahead of TEMPO HCHO 370 

in the morning, this study acknowledges the biases inherent in both TEMPO and PGN retrievals as identified from observations 

and reported in literature (Rawat et al., 2025; Rawat et al., 2026; Sebol et al., 2025).   

3.2 O3-precursor relationships  

The seasonal and diurnal variability described in Sect. 3.1 provides the observational foundation for examining O3-precursor 

relationships across meteorological, surface, column, and satellite platforms, as presented in the following subsections. 375 

3.2.1 Meteorological drivers 
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Figure 7: Spearman correlation coefficients (p < 0.05) between surface O3, NO2, and HCHO and meteorological variables in Tucson, 380 

Arizona. Rows indicate the trace gas: CP O₃ (top), CP NO2 (middle), and PGN surface HCHO (bottom). Columns indicate the 

meteorological variable: temperature (°C; left), wind speed (m s⁻¹; center), and relative humidity (%; right). Each panel shows the 

correlation coefficient as a function of month (x-axis) and hour of day (y-axis; local time), with warm colors indicating positive 

correlations and cool colors indicating negative correlations across a scale of -1 to +1. Correlations not meeting the p < 0.05 

significance threshold are masked in grey. 385 
 

Relationships between O3 and its precursors with meteorology evolve systematically by season, reflecting diurnal and seasonal 

changes in O3-precursor relationships and changes in nonlinear chemical behavior (Archibald et al., 2020; Sillman et al., 2002). 

Figure 7(a-i) illustrates statistically significant (p < 0.05) Spearman correlations between O3, its precursors (rows: O3, NO2, 

HCHO), and meteorology (columns: temperature, wind speed, and relative humidity) where each correlation subplot is 390 
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evaluated independently rather than additively (Camalier et al., 2007; Porter and Heald, 2019). The observed relationships are 

consistent with a non-linear interaction framework, where O3 responds to combined states of temperature, wind, humidity, and 

precursors, and the precursors are also dependent upon meteorology (Pusede et al., 2015; Archibald et al., 2020; Porter and 

Heald, 2019). Thus, there is a physical basis for interpreting the seasonal and diurnal trends of correlations as evidence of non-

linear chemistry (Sillman, 2002; Archibald et al., 2020; Nussbaumer and Cohen, 2020; von Schneidemesser et al., 2015; 395 

Mirrezaei et al., 2024).  

 

In the late-winter and spring, distinct correlations emerge between chemistry and meteorology. In Fig. 7(a) (O3-temperature), 

strong positive correlations are present in the afternoon and evening, while Fig. 7(c) (O3-RH) exhibits a mirrored negative 

correlation in the afternoon and evening. Together, these results suggest that O3 concentrations are highly correlated with 400 

radiative conditions, such that warm, dry afternoons enhance concentrations of O3 and humid conditions suppress it 

(Stathopoulou et al., 2008; Camalier et al., 2007; Porter and Heald, 2019). This behavior is consistent with the established 

understanding that O3 production increases under high-radiation conditions and decreases when photolysis is limited (Fu and 

Tian, 2019; Fiore et al., 2012; Pusede et al., 2015). Precursor correlations with temperature and RH support this reasoning, 

such that in Fig. 7(g) (HCHO-temperature), HCHO is strongly positively correlated with temperature, suggesting that the VOC 405 

oxidation is also responding directly to meteorological forcing (Wolfe et al., 2016; Nussbaumer and Cohen, 2020).  

 

Moving into the dry summer, the expected positive correlation between O3 and temperature weakens despite increasing 

temperatures. This is suggestive of O3 responding to temperature nonlinearly, reflecting multiple interactions between mixing, 

precursor availability, and shifts in chemical regime (Sillman et al., 2002; Archibald et al., 2020; Porter and Heald, 2019). As 410 

indicated by the strong negative correlation between O3 and wind speed in the afternoon, there is a competing effect such that 

favorable conditions for O3 production (high-temperature) are coinciding with conditions that enhance mixing and dilute 

concentrations (high-wind speed). Wind speed is itself dependent upon temperature gradients, introducing an additional level 

of nonlinearity (Camalier et al., 2007). Additionally, as shown in Fig. 7(i), there is a strong positive correlation between HCHO 

and RH that does not continue into the monsoon summer. Thus, RH in the dry summer may be associated with enhanced 415 

oxidation of VOCs while radiation remains sufficient for photochemistry (Chatfield et al., 2010; Wolfe et al., 2016). Overall, 

the dry summer represents a transitional regime where meteorology influences chemistry through multiple competing 

interactions, reflecting a shift toward increasingly nonlinear behavior relative to the more temperature-dominant regimes of 

late winter and spring (Camalier et al., 2007; Fiore et al., 2015).  

 420 

The most pronounced shifts in O3, precursor, and meteorology relationships occur during the monsoon summer. Across Fig. 

7(a-c), O3-temperature correlations weaken (-) and those O3-RH strengthen (+), suggesting that O3 variability is increasingly 

defined by the complex meteorological interactions associated with the monsoon (Sorooshian et al., 2024; Ajayi et al., 2025; 

Guo et al., 2024). The negative correlation between O3 and wind speeds (-) peaks during this period, reflecting a strong dilution 
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effect competing with peak O3 formation. Notably, NO2-wind speed correlations peak positively during the monsoon, 425 

reflecting the role of enhanced monsoonal inflow associated with southerly and easterly winds from the Gulf of California and 

Mexico in transporting regional NO2 into Tucson, counteracting local dilution (Betito et al., 2024; Malloy and Cerveny, 2019). 

As for HCHO, the strong positive (+) correlation with RH becomes negative (-), and correlations with temperature and wind 

are diurnally highly variable. Given that HCHO nonlinearly depends upon VOC oxidation pathways and its loss via photolysis 

and OH oxidation, the weakening of these correlations suggests that HCHO concentrations vary nonlinearly with meteorology 430 

during monsoon (Wolfe et al., 2016; Archibald et al., 2020). Thus, there is evidence of nonlinear O3 formation, where O3 

responds to the multiple interactions of meteorology and chemistry rather than being directly tied to a single driver (Pusede et 

al., 2015; Archibald et al., 2020; Fiore et al., 2015; von Schneidemesser et al., 2015). 

 

Following the monsoon summer and into the fall, Fig. 7(a) shows once again a strong positive correlation between O3 and 435 

temperature throughout the day, suggesting a re-establishment of a more temperature-dominant regime in which 

photochemistry dominates over other meteorological variables (Fu and Tian, 2019; Porter and Heald, 2019). Notably, the re-

emergence of negative O3-RH correlations in the fall mirrors the pattern observed in late winter and spring, further supporting 

the interpretation of a temperature-dominant, radiation-controlled photochemical regime (Stathopoulou et al., 2008; Camalier 

et al., 2007). Moreover, this shift to a more structured behavior, also seen in the late-winter and spring, supports the 440 

interpretation that the weak summer correlations reflect a transition to a more nonlinearly dominated regime.  

3.2.2 Surface O3-precursor relationships 

The analysis of the relationship of ground-level O3 and its precursors is based upon co-located observations of O3 and NO2 

from EPA AQS monitoring site CP as well as HCHO from PGN surface. These datasets provide a direct view of local 

conditions, especially impacting human health, ecosystem, and agriculture, by representing local photochemical reactions 445 

between O3 and its precursors. Fig. 8 and 9 present Spearman correlations, Pearson correlations, and their absolute differences 

(|S| - |P|) between CP O3 and surface NO2 and HCHO observations, respectively, as a function of month and hour of day. The 

|S| - |P| difference serves as a diagnostic of nonlinear O3-precursor behavior, where positive values suggest that Spearman 

captures stronger relationships than Pearson, reflecting the presence of nonlinear associations. Specifically, O3-NO2 

relationships at the surface are evaluated using correlations of CP measurements of O3 and NO2 (Fig. 8(a-c)), with comparison 450 

to correlations of CP O3 and PGN surface NO2 (Fig. 8(d-f)), while O3-HCHO relationships at the surface are evaluated using 

correlations of CP O3 and PGN surface HCHO (Fig. 9(a-c)). 

Across the surface datasets, the seasonal and diurnal variability of O3-precursor relationships reveals both the photochemical 

drivers of O3 and evidence of nonlinear chemical behavior. In late winter, O3-precursor behavior is limited by relatively weak 

photochemistry. In the morning, CP correlations of O3 and NO2 (Fig. 8(a-c)) are negative, reflecting potential NO-titration 455 

dominant behavior and VOC-limited chemical regimes, where additional contributions of NOx reduce O3 concentrations 
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(Sillman et al., 2002). Moving into the afternoon, O3-NO2 correlations increase, but remain negative, suggesting that the system 

nears a transition in chemical regime, but never fully transitions to NOx-limited. In contrast, during the same period, O3-HCHO 

correlations (Fig. 9(a-b)) are positive in the afternoon, suggesting that, even with limited wintertime radiation, O3 variability 

is highly correlated with the oxidation of VOCs (Wolfe et al., 2016; Chatfield et al., 2010). This temporally aligns with strong 460 

HCHO-RH correlations, suggesting RH as an influential meteorology-chemistry driver of O3 production in the absence of 

strong photochemistry (Chatfield et al., 2010; Wolfe et al., 2016). In semi-arid environments such as the Sonoran Desert, 

episodic winter precipitation triggers rapid vegetative response as desert plants exhibit short-lived pulses of soil moisture 

availability (Snyder and Tartowski, 2006). This physiological activation of desert vegetation, including creosote bush and 

other dominant shrubs, can increase the emissions of biogenic VOCs and their oxidized products including HCHO (Jardine et 465 

al., 2010; Wolfe et al., 2016). The resulting increase in VOC availability, even under limited wintertime radiation, can 

contribute to O3 variability through enhance VOC oxidation pathways, particularly in the presence of sufficient moisture to 

sustain photochemical activity. While the contribution of additional VOCs does not necessarily result in substantial increases 

in O3 concentrations, they can still contribute to O3 variability in a potential NOx-limited chemical regime (Sillman, 2002; 

Pusede et al., 2015). Therefore, in late winter, O3 variability transitions from NO-titration-driven suppression in the morning 470 

to VOC-influenced variability in the afternoon, with HCHO, serving as the dominant correlate of O3 for maximized production 

in the winter. 

Transitioning from late winter into spring, photochemistry strengthens due to the increased radiation, and O3-precursor 

relationships become more dynamic. Correlations of O3 and NO2 (Fig. 8(a-c)) become increasingly positive throughout the 

afternoon, coinciding with peak O3 production, suggestive of increasing sensitivity of O3 formation to NOx under the increased 475 

radiation occurring in the spring. Simultaneously, O3-HCHO correlations also become increasingly positive, suggesting that 

the oxidation of VOCs continues to influence O3 formation into the spring. Consistent with the strong correlations of O3 to 

both NO2 and HCHO, the spring afternoon showcases nonlinearity in the O3-NO2 correlation: the difference between 

Spearman, which captures monotonic non-linear relationships, and Pearson, which captures only linear relationships, is 

positive, suggesting that nonlinear associations dominate over linear ones. Thus, we classify spring afternoons as periods of 480 

particularly non-linear O3 formation.  
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Figure 8: Spearman correlations, Pearson correlations, and their absolute differences (|S| - |P|) between CP O3 and surface and 

column NO₂ observations in Tucson, Arizona. Rows indicate the observational pairing: CP O3 and CP NO₂ (top; panels A-C), CP 

O3 and PGN surface NO2 (second; panels D-F), CP O₃ and PGN column NO2/PBLH (third; panels G-I), CP O₃ and TEMPO 485 

NO2/PBLH (fourth; panels J-L), CP O₃ and TEMPO NO2 (fifth; panels M-O), and CP O3 and PGN column NO2 (bottom; panels 

P-R). Columns indicate the correlation metric: Spearman (left), Pearson (center), and |S| - |P| (right). Each panel shows the 

correlation coefficient as a function of month (x-axis) and hour of day (y-axis; local time). The Spearman and Pearson color scales 

range from −1 to +1 and the |S| - |P| color scale ranges from −0.5 to +0.5. Correlations not meeting the p < 0.05 significance threshold 

are masked in grey. 490 

In the dry summer, this nonlinear behavior is especially evident. The Spearman correlations of O3 and NO2 remain strongly 

negative in the morning and strongly positive during the afternoon; however, Pearson correlations of O3 and NO2 are reduced, 

resulting in the annual maximum of nonlinear behavior as suggested via the Spearman-Pearson difference. Meanwhile, O3-

HCHO correlations are reduced as compared to the spring, suggesting that the oxidation of VOCs is no longer a substantial 

indicator of O3 variability during the dry-summer (Wolfe et al., 2016). While VOC oxidation is strong during the high radiation 495 

from the dry summer, it is modulated by meteorology, as illustrated by the strong positive correlation of HCHO-RH in Fig. 

7(i).  
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Figure 9: Spearman correlations, Pearson correlations, and their absolute differences (|S| - |P|) between CP O3 and surface and 

column HCHO observations in Tucson, Arizona. Rows indicate the observational pairing: CP O3 and PGN surface HCHO (top; 500 

panels A-C), CP O3 and PGN column HCHO/PBLH (second; panels D-F), CP O3 and TEMPO HCHO/PBLH (third; panels G-I), 

CP O3 and TEMPO HCHO (fourth; panels J-L), and CP O3 and PGN column HCHO (bottom; panels M-O). Columns indicate the 

correlation metric: Spearman (left), Pearson (center), and |S| - |P| (right). Each panel shows the correlation coefficient as a function 

of month (x-axis) and hour of day (y-axis; local time). The Spearman and Pearson color scales range from −1 to +1 and the |S| - |P| 

color scale ranges from −0.5 to +0.5. Correlations not meeting the p < 0.05 significance threshold are masked in grey. 505 

Moving into the monsoon summer, there is a distinct shift in the afternoon and early evening such that O3-HCHO correlations 

increase again (Fig. 9(a-c)), suggestive of a second seasonal peak. During the monsoon, biogenic VOC emissions increase, 

thus increasing the availability of oxidized VOC products and radicals to recycle NO2 and accordingly form O3 (Malloy, 2018; 

Betito et al., 2024) Simultaneously, O3-NO2 correlations are still negative in the morning and positive in the afternoon; 

however, afternoon positive correlations are muted, suggestive of the competing meteorological effects stemming from highly 510 

variable correlations of O3 and its precursors to temperature, wind speed, and RH in the afternoons of the monsoon summer.  

Beginning in the fall, as the monsoon retreats, O3-HCHO correlations weaken and lose their diurnal structure, becoming highly 

variable throughout the day. Additionally, O3-NO2 correlations are maximized in September but are diurnally highly variable 

throughout the season and into the winter. In the fall, there is a substantial positive correlation between O3 and temperature 

while HCHO concentrations remain high, suggesting enhanced photochemistry to shift the chemical regime towards NOx-515 

limited (Pusede et al., 2015; Greenslade et al., 2024). The late-fall transitions back into the winter seasonal and diurnal variation 

of surface O3-precursor relationships.  

3.2.3 TEMPO and PGN O3-precursor relationships 

Relative to the surface-based correlations discussed in Sect. 3.2.2, column-based correlations of HCHO and NO2 with surface 

based O3 preserve a similar seasonal and diurnal trend, with the exception of TEMPO HCHO, but with differences in the 520 

magnitude and timing (Nawaz et al., 2025). Across each season, O3-NO2 correlations from TEMPO and PGN column follow 

the same diurnal trend (Fig. 8(m-o) and Fig. 8(p-r), respectively), such that weaker or negative correlations occur in the 

morning and positive correlations dominate in the afternoon, especially in the spring and summer. This agreement across 

observational contexts suggests that the seasonal and diurnal evolution of O3-NO2 relationships are robust across different 

instrumentation. However, correlations are annually weaker overall, likely reflecting a combination of retrieval biases of 525 

TEMPO and PGN column NO2 as discussed in Sect. 3.1.4, as well as the inherent differences in spatial representativeness and 

vertical sensitivity between column and surface measurements (Nawaz et al., 2025; Ghahremanloo et al., 2025; Rawat et al., 

2025). 
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A notable exception occurs during the morning of June, where TEMPO HCHO correlations with CP O3 show no discernible 

seasonal or diurnal structure. As shown in Fig. 6, TEMPO HCHO biases relative to PGN column are positive throughout the 530 

year, with an anomalous afternoon enhancement, inconsistent with both PGN column and PGN surface trends. For PGN 

column HCHO correlations with CP O3, positive correlations extend into the morning hours relative to the PGN surface 

correlations, likely reflecting the reduced sensitivity of column retrievals to localized near-surface variability and greater 

susceptibility to broader regional influences (Sebol et al., 2025; Tao et al., 2025). Additionally, biases in column HCHO 

retrievals at high solar zenith angles may contribute to the morning positive correlations (Rawat et al., 2025; Abad et al., 2025). 535 

3.2.4 PBLH-normalized TEMPO O3-precursor relationships 

Column observations of HCHO and NO2 from TEMPO were normalized by the PBLH following the methods described in 

Sect. 2.2.4 to model surface concentrations. Success of the proposed method is evaluated by the similarity of seasonal and 

diurnal trends as well as correlative measures with CP O3. relative to surface-based observations. 

 540 

For O3-NO2 relationships, TEMPO NO2 normalized by PBLH (Fig. 8(j-l)) represents surface correlations well in sign and 

timing with the exception of mornings during the monsoon summer, where correlations are overestimated. In every other 

season, O3-NO2 correlations are muted in the morning such that correlations are underestimated in comparison to surface-

based observations. Moreover, nonlinearity in spring afternoons is discernible, showing that the behavior identified in Sect. 

3.2.2 persists post-normalization. Generally, seasonal trends are consistent with the surface, supporting its use as a proxy for 545 

surface-based measures of NO2 when true observations are unavailable. 

 

For O3-HCHO relationships, however, normalization of TEMPO HCHO via PBLH does not recover a discernible seasonal or 

diurnal structure to represent trends in the surface concentration of HCHO. One possible reason is the neglect of entrainment 

at the PBL top when normalizing column measurements, particularly during afternoon hours when entrainment rates typically 550 

reach a maximum (Caputi et al., 2022; Kaser et al., 2017). Because the entrainment may introduce additional O3 or its 

precursors from free troposphere (Caputi et al., 2019; Caputi et al., 2022; Cui et al., 2026; Kaser et al., 2017), this process may 

contribute to the lack of a discernible diurnal structure of O3-HCHO relationships. Overall, these uncertainties suggest that 

HCHO variability is not fully confined to the boundary layer, a key assumption underlying the column normalization approach, 

and therefore caution is warranted when using PBLH-normalized TEMPO HCHO as a proxy for surface-based measures of 555 

HCHO when true observations are unavailable. Future studies using aircraft measurements or fine-resolution modeling are 

recommended to improve the utilization of PGN column measurements as surface proxy. 

 

Together, these results demonstrate the value of multi-platform observations for characterizing O3-precursor relationships 

across spatial and vertical scales. While PBLH-normalized TEMPO NO2 offers a viable path toward surface-representative 560 

NO2 estimates in regions lacking surface NO2 measurements, the failure of PBLH normalization for HCHO emphasizes the 
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importance of dedicated surface HCHO measurements, such as those from PGN, for accurately diagnosing O3 formation 

chemistry, particularly in the context of VOC-limited regimes where HCHO serves as a critical precursor indicator (Sillman, 

2002; Tao et al., 2022; Jin et al., 2020). 

3.2.5 Lagged-HCHO relationships 565 

While the instantaneous O3-HCHO correlations discussed in Sect. 3.2.2 and Sect. 3.2.3 characterize the co-variability of 

surface O3 and its VOC precursors across diurnal and seasonal timescales, they do not account for the finite photochemical 

timescale separating VOC oxidation from O3 formation. Lagged correlations provide a complementary perspective by 

quantifying the temporal offset between HCHO, an intermediate oxidation product of biogenic and anthropogenic VOCs, and 

subsequent O3 production, capturing the photochemical cascade that links VOC emissions to O3 formation on timescales of 570 

hours consistent with VOC oxidation chemistry (Wolfe et al., 2016). Figure 10 presents the maximum Spearman correlation 

between CP O3 and HCHO from TEMPO, PGN column, and PGN surface as a function of month and lag hour. Across each 

observational context, a consistent diurnal lag structure emerges such that lags are smallest near sunrise, increase throughout 

the afternoon reaching up to 12 hours, and shorten again in the evening. The consistency and differences of this structure across 

the three platforms provide additional insight into how observational context shapes the diagnosed O3-HCHO photochemical 575 

relationship. 
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Figure 10: Maximum Spearman correlation coefficients (p < 0.05) between CP O3 and HCHO from three observational contexts. 

Rows show CP O3 versus TEMPO HCHO, PGN column HCHO, and PGN surface HCHO respectively. Left-column panels (a, c, e) 580 
show the maximum Spearman correlation coefficient across lags of 0-12 hours as a function of month (x-axis) and hour of day (y-
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axis; local time), with the color scale ranging from -1 to +1. Right-column panels (b, d, f) show the lag hour associated with the 

maximum absolute correlation, with the color scale ranging from 0 to 12 hours. Correlations not meeting the p < 0.05 significance 

threshold are masked in grey. 

Across three observational contexts, the diurnal lag structure is physically consistent with the daily evolution of 585 

photochemistry, such that the oxidation of VOCs produces HCHO prior to the peak O3 formation, and the time separation 

increases as photochemistry intensifies with additional radiation throughout the day. The evening decline in lag times may 

reflect the converse such that as radiation declines, there is a corresponding decline in photolysis and oxidation of HCHO.  

In the TEMPO HCHO context, correlations are weakest of the three, with regions of positive correlation occurring in late 

winter to early spring as well as the monsoon summer to early fall. This likely reflects that TEMPO HCHO represents a 590 

column-integrated signal of VOC oxidation rather than a surface-local tracer and may therefore be less responsive to local O3 

variability on the timescales captured by the lag analysis (Wang et al., 2022; Rawat et al., 2026).  

In the PGN column HCHO context, the lag structure is similar to that of TEMPO HCHO; however, correlations are 

substantially stronger with positive maxima in the monsoon summer afternoons and positive correlations in the afternoon of 

each season, with an additional correlative enhancement in the spring. This shows that lagged correlations of PGN column 595 

HCHO to CP O3, reveal a strong dependence of column HCHO on O3 formation in the monsoon summer not captured by the 

instantaneous surface correlations. During the monsoon, enhanced boundary layer mixing may vertically redistribute HCHO 

in ways better captured by a column measurement than a surface measurement, consistent with the sensitivity of column HCHO 

retrievals to the full vertical extent of HCHO distribution (Sebol et al., 2025). 

In the PGN surface HCHO context, correlations peak in the spring afternoons and decline in the dry summer, missing the 600 

monsoon enhancement seen in the PGN column. This is consistent with the non-lagged O3-HCHO surface relationships 

discussed in Sect. 3.2.2, suggesting that surface HCHO captures local near-surface VOC oxidation well in spring but is less 

sensitive to the broader vertical redistribution of HCHO during the monsoon. As a result, surface HCHO is a less reliable 

indicator of O3 variability during the monsoon summer, when meteorological processes beyond local surface chemistry become 

increasingly influential (Betito et al., 2024; Sorooshian et al., 2024).  605 

Across platforms, the lagged O3-HCHO framework reveals a temporally structured photochemical relationship not apparent 

in instantaneous correlations, providing physically interpretable evidence of the VOC oxidation cascade driving O3 formation 

in Tucson. The seasonal divergence between surface and column contexts during the monsoon demonstrates that both the 

timing and vertical distribution of VOC oxidation products influence O3 formation in semi-arid environments, with direct 

relevance to the interpretation of geostationary HCHO observations for surface O3 precursor diagnostics. 610 
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4 Conclusion 

This study presents the first multi-platform diurnal and seasonal analysis of O3-precursor relationships using TEMPO in a 

semi-arid monsoon-influenced urban environment, revealing that these relationships are fundamentally shaped by 

meteorology-chemistry-emissions coupling and are sensitive to the observational context in which they are diagnosed. The 

North American Monsoon drives a distinct seasonal shift in O3 precursor dominance, from anthropogenic NO2 in winter to 615 

biogenic VOC oxidation products in summer, with implications for O3 mitigation strategies that are sensitive to this seasonal 

transition. 

Surface and column observations reveal distinct diurnal and seasonal trends in O3, NO2, and HCHO across Tucson, Arizona, 

with notable differences in the magnitudes and timings of O3-precursor relationships between observational contexts. Surface 

NO2 exhibits ~24% monthly variability and morning peaks driven by local emissions and photochemical loss, whereas PGN 620 

column NO2 exhibits a muted seasonal cycle (~9% monthly variability) stemming from the vertical integration of the 

measurements and increased sensitivity to background concentrations (Harkey and Holloway, 2024; Lamsal et al., 2008). 

Despite differences in seasonal variability, diurnal O3-NO2 relationships are broadly consistent across observational contexts, 

with negative correlations in the morning and positive correlations in the afternoon, especially in the spring and summer 

(Monks et al., 2015). Column correlations of O3 and NO2, however, are weaker and less sensitive to O3 loss by NO titration 625 

(Sillman, 2002). In contrast, HCHO shows more pronounced divergence between observational contexts relative to NO2. 

Surface HCHO exhibits a diurnal cycle characterized by a morning peak driven by local VOC oxidation, whereas PGN column 

HCHO lacks a distinct morning peak, reflecting the smoothing effects of vertical integration from column retrievals (De Smedt 

et al., 2015; Wolfe et al., 2016). 

The difference between column and surface HCHO retrievals is illustrated in the O3-HCHO relationships such that surface 630 

correlations are strongest in spring afternoons but weaken during the dry summer, increasing again in the monsoon summer, 

whereas column HCHO correlations with O3 show a monsoon enhancement of O3-VOC coupling not evident in the surface-

based O3-HCHO relationships. This suggests that column measurements capture the vertical redistribution of HCHO during 

the monsoon summer, whereas surface measurements capture the local influence of VOC emissions (Sebol et al., 2025; Rawat 

et al., 2025). The PBLH normalization method improves agreement between column-based NO2 and surface-based O3 635 

correlations but does not improve agreement for column-based HCHO retrievals, suggesting that HCHO variability may not 

be fully confined within the boundary layer and may be influenced by additional vertical processes such as entrainment at the 

top of the PBL (Sebol et al., 2025). These results show that the timing and magnitude of O3-precursor relationships vary across 

observational contexts, reflecting differences in sensitivity to local versus regional influences across platforms with varying 

spatial footprints and vertical sensitivities (Fishman et al., 2008; Verhoelst et al., 2021; Nawaz et al., 2025).  640 
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Integrating both surface and column measurements improves characterization of O3 formation in semi-arid urban 

environments, suggesting that no single platform alone fully captures O3-precursor relationships. Moreover, nonlinear O3 

formation is evident through the Spearman-Pearson difference diagnostic, such that nonlinearity is most pronounced in the 

spring and summer afternoons. During these periods, O3 sensitivity to its precursors, both NO2 and HCHO, is highly variable, 

suggesting a possible transition between VOC- and NOx-limited chemical regimes (Sillman, 2002; Jin et al., 2020). 645 

Nonlinearity is also evident in the distinct lagged structure of O3-HCHO relationships, consistent with O3 responding to VOC 

oxidation on multi-hour timescales. The diurnal evolution of lag times, smallest near sunrise, increasing through the afternoon, 

and declining in the evening, is physically consistent across all three observational platforms, highlighting the importance of 

accounting for photochemical timescales in O3 precursor diagnostics in semi-arid environments (Wolfe et al., 2016).  

Accurately diagnosing O3 formation in semi-arid urban environments requires careful characterization of VOC chemistry, such 650 

that HCHO serves as a key, albeit imperfect, component of chemical regime identification (Zhu et al., 2017; Wang et al., 

2022). The integration of Pandora, TEMPO, and U.S. EPA AQS observations demonstrates that geostationary satellite 

retrievals, when combined with surface and ground-based column measurements, provide a more comprehensive 

characterization of O3 formation. Transitions in chemical regimes, as evidenced by the variability in O3-precursor relationships, 

are dynamic and dependent upon the method of retrieval, suggesting that diagnostics should be evaluated as a function of time 655 

and observational context (Archibald et al., 2020; Fiore et al., 2015). The methods developed in this study provide a 

transferable framework for diagnosing O3 formation chemistry across observational contexts, with particular relevance to other 

semi-arid urban environments across the southwestern United States and Mexico where TEMPO provides hourly geostationary 

observations, and more broadly applicable to regions monitored by current and future geostationary satellite missions.   

This study has several limitations. First, HCHO is used in this study as a proxy for VOC reactivity; however, HCHO does not 660 

indicate the composition or reactivity of individual VOC species, particularly shorter-lived compounds, but rather reflects the 

integrated oxidation product of multiple VOC pathways, including biogenic precursors such as isoprene (Wolfe et al., 2016). 

This limitation is particularly relevant in semi-arid regions such as the southwestern United States, where biogenic emissions 

can vary rapidly during the monsoon, suggesting that HCHO may not comprehensively represent the shifts in O3 formation 

attributed to VOCs. Second, the correlations used in the study are not indicative of causation, but rather reflect the co-variability 665 

between O3 and its precursors, including meteorological factors (Camalier et al., 2007; Porter and Heald, 2019). While these 

correlations are physically interpretable and well-established in the literature, they do not quantify rates of O3 production and 

loss, which are dependent on nonlinear reactions that are not explicitly investigated here. While the utilization of the 

formaldehyde-to-NOx ratio (FNR) across the study period may provide insight into chemical regimes, this analysis was not 

performed. Third, some portions of the analysis rely on observations from sites that are not co-located. Each precursor is 670 

correlated to O3 at CP, whereas NO2 and HCHO are additionally sampled from PGN and TEMPO over CP. This results in 
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differing spatial footprints and vertical sensitivities which may introduce spatial representativeness biases (Nawaz et al., 2025; 

Ghahremanloo et al., 2025).  

Future studies should incorporate additional VOC measurements, both biogenic and anthropogenic, to better determine diurnal 

and seasonal variation of O3-precursor relationships, beyond using HCHO as the sole proxy for VOC chemistry. Direct surface 675 

VOC measurements would provide an additional observational context not available in this study and would reduce spatial 

uncertainty. Moreover, coupling these additional VOC observations with box models, chemical transport modeling and budget 

calculations of odd-oxygen radicals (HOx) would help constrain O3 production and loss rates, and thus offer a more 

comprehensive analysis of O3 nonlinear chemistry and its variability across diurnal and seasonal timescales in semi-arid urban 

environments. By integrating the complementary strengths of both FNR and the glyoxal-to-nitrogen dioxide ratio (GNR), a 680 

more robust ozone formation sensitivity (OFS) identification method can be developed (Fan et al., 2025; Tao et al., 2022). 

These extended analyses could be applied with the recent Ground Level Ozone Research (GLOR) field campaign in Phoenix, 

Arizona (Fraser et al., 2025). In doing so, these directions would strengthen the chemical regime diagnostics developed here 

and better constrain O3 formation in semi-arid urban environments. 
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