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Abstract. Long-term atmospheric ozone observations in Western North America (WNA) provide 20 

essential data for assessing tropospheric ozone trends. Backward atmospheric simulations based on 21 

these observations establish the source-receptor relationships (SRRs) to improve our understanding 22 

of the factors driving ozone trends across different regions, time periods, and atmospheric layers. 23 

In this study, we integrated 28 years of ozone observations (1994–2021) from ozonesondes, lidar, 24 

commercial aircraft, and aircraft campaigns across WNA, spanning the upper atmospheric 25 

boundary layer, free troposphere, and upper troposphere (i.e., 900 to 300 hPa). We integrated the 26 

multiplatform datasets using a data fusion framework to generate 553,608 gridded ozone receptors. 27 

For each receptor, we use the FLEXible PARTicle (FLEXPART) dispersion model, driven by 28 

ERA5 reanalysis data, to produce the SRRs calculations, providing global simulations at high 29 

temporal (hourly) and spatial (1° x 1°) resolution from the surface up to 20 km above ground level. 30 

This SRR database retains detailed information for each receptor, including the gridded ozone value 31 

product, which enables user to illustrate and identify source contributions to various subsets of 32 
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ozone observations in the troposphere above WNA over nearly 3 decades at different vertical layers 33 

and temporal scales, such as diurnal, daily, seasonal, intra-annual, and decadal. More generally, the 34 

calculated SRRs are applicable to any study looking to evaluate origins of airmasses reaching WNA. 35 

As such, this database can support source contribution analyses for other atmospheric components 36 

observed over WNA, if other co-located observations have been made at the spatial and temporal 37 

scales defined for some or all of the gridded ozone receptors used here.  38 

 39 

Short summary. Atmospheric observations show that free tropospheric ozone has increased across 40 

the Northern Hemisphere over the past three decades. The sources driving this increase remain 41 

unclear. In this study, we developed a source-receptor relationship database combining harmonized 42 

multiplatform ozone data and advanced atmospheric transport modeling. This database can identify 43 

the emission regions responsible for ozone increases and can also be used to analyze other co-44 

observed atmospheric constituents. 45 

 46 

1 Introduction 47 

         The IPCC Sixth Assessment Report concluded that free tropospheric (FT) ozone generally 48 

increased in the Northern Hemisphere from the mid-1990s through 2016 (Gulev et al., 2021). From 49 

a global perspective, Gaudel et al. (2020) reported increasing median FT ozone trends ranging from 50 

1.2 ppbv/decade over the Gulf of Guinea to 5.6 ppbv/decade over Southeast Asia. Building on this 51 

work, Chang et al. (2023) incorporated additional ozone data and identified a positive regional 52 

trend in median FT ozone over Western North America (WNA), with an increase rate of 0.7 ± 0.3 53 

ppbv/decade (1994–2019). These positive trends in FT ozone raise growing concerns about their 54 

radiative effects and their potential to increase surface ozone levels in WNA, where FT influence 55 

is significant (e.g. Jaffe et al., 2018). Therefore, it is critical to understand the processes driving 56 

changes in FT ozone. 57 

         Previous studies have examined key factors influencing tropospheric ozone levels over WNA, 58 

including intercontinental transport of ozone from Asia (e.g., Jacob et al., 1999; Cooper et al., 2010), 59 

stratospheric intrusions (e.g., Lin et al., 2012, 2015), wildfires (e.g., Jaffe et al., 2008, 2012), and 60 

transport from tropical marine environments (e.g., Grant et al., 2000; Cooper et al., 2011). While 61 

global-scale modeling studies suggest that increasing anthropogenic emissions contribute to rising 62 

FT ozone levels (e.g., Fiore et al., 2012), detailed analyses of atmospheric transport pathways and 63 

source attributions are limited. Such studies are essential to identify the drivers, such as source 64 

regions, most closely associated with observed ozone increases. This gap motivated the current 65 
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study, which applies a Lagrangian Particle Dispersion Modeling framework in backward mode to 66 

quantify source-receptor relationships (SRRs) for 553,608 ozone receptors which span altitudes 67 

from 900 hPa to 300 hPa across WNA over the period 1994–2021. 68 

         A similar SRR framework was used by Cooper et al. (2010) to explain increased FT ozone 69 

concentrations above WNA during April and May from 1995 to 2008. That study used an earlier 70 

version of the European Centre for Medium-Range Weather Forecasts (ECMWF) model with a 2° 71 

x 2° spatial resolution, generating SRRs up to 16 km above ground level. However, Cooper et al. 72 

(2010) focused exclusively on springtime. Chang et al. (2023) demonstrated that positive FT ozone 73 

trends over WNA are also present in summer and winter. Therefore, this study extends the analysis 74 

of Cooper et al. (2010) by simulating SRRs across all seasons over nearly three decades (1994–75 

2021) using an updated version of the ECMWF model. The complete set of backward simulations, 76 

described herein, are archived for future use. Our high-resolution Lagrangian-based product 77 

provides an efficient alternative to computationally expensive chemical transport models for 78 

quantifying SRRs in the FT ozone observation dataset.   79 

         In addition to supporting ozone research for WNA, the SRRs calculated in this study are 80 

applicable to investigations of air mass origins and source contribution analyses for other 81 

atmospheric components observed in the region. These SRRs can be used in studies with co-located 82 

observations that align with the spatial and temporal scales defined for some or all of the gridded 83 

ozone receptors used here. Further potential applications are discussed in this paper. 84 

         The paper is organized as follows: Section 2 describes the receptor locations used in this study, 85 

followed by Section 3 which details the settings for the SRR simulations. Section 4 provides 86 

illustrations and examples of the model products, and Section 5 discusses additional applications 87 

of the data. Conclusions are provided in Section 6, and data set availability and formats are 88 

described in Section 7. 89 

 90 

2  Reconciliation of multiplatform ozone observations 91 

            To quantify trends and variability in free tropospheric ozone, a gridded ozone dataset was 92 

generated using a data fusion technique (Chang et al., 2022, 2023). We expand the previous fused 93 

dataset from Chang et al. (2023) to include observations from 900 to 300 hPa during 1994 to 2021 94 

using the same statistical method. This extension, which incorporates additional tropospheric ozone 95 

data spanning the upper atmospheric boundary layer, free troposphere, and upper troposphere, 96 

offers a more comprehensive characterization of tropospheric ozone variability and further supports 97 

the validation of previous results. By identifying and adjusting for inconsistencies due to differing 98 
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sampling frequencies and measurement uncertainties, this fused ozone observation product is 99 

expected to be regionally representative (Chang et al., 2022, 2024). Original ozone observations 100 

were obtained from various data platforms collected between 1994 and 2021, spanning altitudes 101 

from 900 to 300 hPa across WNA. These observations were integrated into 0.2° x 0.2° grid cells 102 

with 10-hPa vertical intervals over the WNA region. The new gridded ozone dataset (N = 553,608) 103 

includes time, latitude, longitude, altitude, and corresponding ozone values. Each grid cell from the 104 

data fusion product is treated as a receptor to generate SRRs.           105 

Specifically, the tropospheric ozone observations over WNA used in this study include: 1) 106 

ozonesonde records above Edmonton (1970–2021), Kelowna (2003–2017) and Port Hardy (2018–107 

2021) from the Canadian Ozonesonde Network (Environment and Climate Change Canada, 2022), 108 

and above Trinidad Head (California, 1997–2021) and Boulder (Colorado, 1967–2021) maintained 109 

by the NOAA Global Monitoring Laboratory (NOAA GML, 2022), with a roughly once-per-week 110 

sampling frequency; 2) lidar measurements above the Jet Propulsion Laboratory Table Mountain 111 

Facility (California, 2000-2021, NASA JPL 2022), with 2-5 profiles per week; 3) commercial 112 

aircraft observations operated by the IAGOS (In-Service Aircraft for a Global Observing System) 113 

program since 1994 (Boulanger et al. 2022);  and 4) approximately 200 flights from the NASA 114 

AJAX/SNAAX field campaigns (2011-2018, Iraci et al, 2021).  115 

The observational methods that produced the ozone data set have varying levels of 116 

accuracy (Tarasick et al., 2019), however, according to the well-known concept of error analysis 117 

(Taylor and Thompson, 1982), the random nature of the relatively small measurement errors is not 118 

expected to impact our ability to detect long-term ozone trends. For example, a sensitivity analysis 119 

of tropospheric ozone trends, accounting for varying levels of measurement uncertainty (e.g., 120 

adding 10% or 20% random uncertainty to each data point), was conducted by Gaudel et al. (2024). 121 

The results indicate that when the dataset time period is sufficiently long, the observed trends 122 

remain consistent. In other words, despite the fact that the greater data uncertainty resulted in higher 123 

trend uncertainty, trends can still be detectable under large random uncertainty (i.e., 20%). It should 124 

be noted that the modern ozone instrumental measurement uncertainty is typically much lower than 125 

the imposed uncertainty used in the above sensitivity analysis (Tarasick et al., 2019).  Similarly, 126 

Van Malderen et al. (2025) assessed the impact of measurement uncertainties on ozone 127 

observations in the free troposphere, assuming 2.5% for lidar, 5.5% for ozonesondes, and 5.5% for 128 

IAGOS. The impacts were minor compared to analyses that assumed no measurement uncertainty. 129 

Therefore, we consider this data fusion product, which integrates large datasets from multiple 130 

platforms spanning nearly three decades, to be robust for ozone trend analysis over WNA. 131 
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 132 

 133 

Figure 1: The distribution of defined data receptors from the data fusion product: (a) spatial 134 

pattern over WNA,  (b) number of receptors by month of year across 28 years, (c) number of 135 

receptors divided by vertical layers with 100 hPa intervals across 28 years.    136 

 137 

         Figure 1 shows the distribution of the data fusion product across WNA, along with monthly 138 

and vertical layer counts of receptors. For each receptor location, we conducted backward 139 

simulations of historical air mass dispersion and transport processes covering up to 15 days on a 140 

global scale. We retained all detailed simulation outputs for each receptor to allow users to select 141 

specific receptors as needed. Additional details are provided in the following sections. 142 

 143 

3 Configuration of the SRR product 144 

           In this study, we developed the model product using a commonly-used Lagrangian Particle 145 

Dispersion Model, FLEXPART ("FLEXible PARTicle dispersion model", v10.4, Pisso et al., 2019), 146 

driven by ECMWF reanalysis v5 (ERA5) data (Hersbach et al., 2020). This product is another key 147 

component of our SRR database and provides crucial support for understanding source 148 
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contributions to the overall representative tropospheric ozone trends observed over the WNA 149 

region. 150 

           Specifically, the ERA5 reanalysis data has high spatial and temporal resolutions on the 151 

global scale, that is 0.25° x 0.25° spatial and hourly temporal resolution, and 137 vertical levels. 152 

The overall uncertainty estimates of ERA5 have been described by Hersbach et al. (2020) using 153 

ensemble spread and comparisons with observations. Their analysis, for example, showed that the 154 

global mean differences between the nine ensemble members and the control member for 155 

temperature, relative humidity, and the u-component of wind at the 500 hPa level were 0.006 K, 156 

0.3%, and 0.4 cm·s⁻¹, respectively for the year 2018. They showed that the magnitude of the 157 

ensemble spread is closely related to the quality of the observing system, and also demonstrated 158 

that ERA5 has a significant improvement over its previous generation (ERA-Interim). In an 159 

independent study, a cross-comparison among three widely used reanalysis datasets, including 160 

ERA5, was conducted by Wu et al. (2024). Their study indicated that, when compared to limited 161 

observations from field campaigns, the reanalysis datasets exhibited mean wind vector differences 162 

ranging from 2 to 4.5 m·s⁻¹, with ERA5 showing the closest agreement with observations. Many 163 

other studies have evaluated ERA5 from different perspectives, consistently highlighting its strong 164 

performance. These findings further reinforce the reliability of our source-receptor database. 165 

        FLEXPART is a Lagrangian particle dispersion model (LPDM) with the ability to study global 166 

transport in both forward and backward modes. In this study, we used the backward mode of 167 

FLEXPART to calculate SRRs describing the sensitivity of a receptor to a source (e.g. Seibert and 168 

Frank 2004). We released 10,000 trajectory particles from each receptor and simulated their 169 

backward 4D SRR fields. Stohl et al. (1998) simulated the long-range dispersion of tracer gases 170 

using FLEXPART v2.0 based on three large-scale tracer experiments. They compared the model 171 

results with tracer gas measurements from various locations and found that the model performed 172 

very well under fair meteorological conditions but was less accurate in the presence of fronts. 173 

Additionally, they mentioned that the coarse resolution of the meteorological inputs at that time 174 

limited the implementation of vertical wind fields, restricting potential improvements in model 175 

performance. Forster et al. (2007) evaluated FLEXPART v6.2 in terms of its convective transport 176 

performance, finding good agreement at higher altitudes above the atmospheric boundary layer 177 

when convection was included in the model. At the time, they emphasized the need for tropospheric 178 

profile measurements. Furthermore, they compared forward and backward simulations and found 179 

only minor differences, which could be tolerated given the large overall uncertainties of convective 180 

parameterizations. Pisso et al. (2019) provided detailed descriptions of FLEXPART v10.4, 181 
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including references to evaluations of several model components, such as the convection scheme 182 

and aerosol lifetime estimation. More recently, Bekel et al. (2024) evaluated and compared 183 

FLEXPART v11 and v10.4. While v11 introduces improvements, many key features of v10.4 and 184 

v11 exhibit comparable performance. Overall, in LPDMs, the meteorological driver plays a crucial 185 

role in determining the level LPDM performance, while differences among various LPDMs remain 186 

small (Hegarty et al., 2013). Based on the results from a wide range of studies, we consider 187 

FLEXPART-ERA5 to be one of the best current options for establishing our SRRs database. 188 

        In summary, we expect that the uncertainties associated with the multiplatform-fusion ozone 189 

product are primarily aleatoric (i.e. random), a concept well understood in statistical error analysis 190 

(Taylor and Thompson, 1982). The uncertainties associated with the FLEXPART-ERA5-based 191 

SRRs, which are separate from the random errors associated with the multiplatform-fusion ozone 192 

products, are also aleatoric and not systematically biased. A scientific application for integrating 193 

our native SRR database (combining the multiplatform-fusion ozone product and FLEXPART-194 

ERA5-based SRRs) at longer time scale (i.e. monthly and yearly) with a focus on different ozone 195 

level percentiles, which could further reduce errors, has been conducted by Ryoo et al. (in 196 

preparation). 197 

          Our SRR product spans a 28-year period from 1994 to 2021, with native hourly temporal 198 

resolution and 1° x 1° spatial resolution globally. We output 5 layers of SRRs from the surface up 199 

to 20 km to support the investigation of the different source regions associated with different 200 

altitudes and to understand their source contributions. The 5 layers include surface to 300 m a.g.l., 201 

300 m to 3 km a.g.l., 3 km to 8 km a.g.l., 8 km to 13 km a.g.l., and 13 km to 20 km a.g.l. We used 202 

the default FLEXPART schemes such as the Gaussian approximation of boundary layer turbulence 203 

and the Emanuel-based convection parameterization (Stohl et al., 2005). ERA5 provided 204 

meteorological variable inputs. We used Flex_extract v7.1.2 (Tipka et al. 2020) to extract ERA5 205 

global products for the FLEXPART simulations.  The output unit of the SRR field is s m3 kg-1, 206 

which represents the residence time weighted by the volume of air mass. FLEXPART offers several 207 

unit options. The primary consideration in selecting this specific unit is to facilitate users in 208 

quantifying source contributions by region or atmospheric layer when linking our SRRs with 209 

emission rates, in addition to conducting residence time analysis.  210 

         The implementation of FLEXPART and the resulting SRRs presented in this database 211 

are thus improvements over the previous methodology (Cooper et al., 2010) in three 212 

significant ways: i) higher top altitude and vertical layers chosen to discriminate among 213 

potential sources aloft, ii) updated meteorological input data at much finer spatial resolution 214 
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(0.25° x 0.25°), and iii) expanded dataset of field observations, including all four seasons and 215 

considerably more ozone observations in the free troposphere. The resultant SRR dataset   216 

provides greater potential to conduct a more comprehensive and accurate investigation of 217 

ozone trends over a longer time period with enhanced spatiotemporal coverage. 218 

         This SRR database was implemented on NASA High End Computing (HEC) Pleiades 219 

Broadwell Nodes. The operational framework was set up on a monthly batch configuration, 220 

processing all receptors within a given month in one FLEXPART-ERA5 run using a single 221 

processor. Overall, the Langragian model framework used here is computationally efficient. Most 222 

individual runs required less than 100 hours to complete. Excluding the time required for 223 

downloading ERA5 data, approximately one month was needed to generate this comprehensive set 224 

of products.  225 

         The output field structure of the SRR product is a five-dimensional matrix (SRR 226 

(receptor,lat,long,height,time)). Details of the receptor information are stored into a separate file, 227 

as described in Section 2. Latitude and longitude are represented in 1° x 1° grid cells, and heights 228 

denote the five vertical layers as previously described. The time dimension extends from the 229 

observational receptors back 15 days with hourly outputs. Retaining detailed information allows 230 

users to customize the five-dimensional data to select specific receptors, geographic regions, 231 

vertical layers, or backward time intervals up to 15 days. Examples are provided in the next two 232 

sections. 233 

 234 

4 Product illustration 235 

         Figure 2 illustrates maps of SRRs summed up at a monthly scale for all ozone receptors. Pink 236 

dots mark receptor locations during this month, and the SRR fields represent the influence function 237 

values integrated across each vertical layer. Areas with higher values indicate greater source 238 

sensitivities to influencing the ozone values observed over WNA. Since ozone receptors are 239 

primarily located within the FT, high values are concentrated with the FT from 3-13 km above 240 

ground level, with additional influences seen from the lowest 300 m layer and the highest layer 241 

(13-20 km). By preserving the FLEXPART outputs in these five vertical layers, studies addressing 242 

a wide variety of processes and emission sectors can be devised using this model product. For 243 

example, aviation influences are expected in the 8-13 km layer (Ryoo et al., in preparation). 244 
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 245 

 246 

Figure 2: Monthly influences can be studied with this dataset. Aggregated SRRs of  FT ozone 247 

over WNA during July 2016 are shown for sources located in (a) the near-surface layer (0 - 248 

300 m a.g.l.); (b) boundary layer (300-3000 m a.g.l.); (c) a middle tropospheric layer (3 - 8 km 249 

a.g.l.); (d) an upper tropospheric layer (8 - 13 km a.g.l.); and (e) a stratospheric layer (13 -  20 250 

km a.g.l.). The pink dots represent the geospatial locations of all receptors available during 251 

July 2016.  252 

 253 
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         The SRR datasets retain detailed high-resolution information, which, when integrated over 254 

multiple years or decades, enables more robust statistical analyses to understand transport patterns. 255 

For instance, we present an example of SRR patterns aggregated over a 28-year period across 256 

various altitudes from two distinct receptor subsets: those associated with the lowest (cleanest) 257 

ozone levels (left column) and those with higher ozone levels (right column) (Figure 3). SRRs are 258 

aggregated monthly across various altitudes for cases when ozone values at the receptors are at 259 

their low and high percentiles, compared to those over the mid-year period (2004–2014). A more 260 

detailed statistical framework is outlined in Ryoo et al. (in preparation) to minimize the influence 261 

of varying numbers of receptors across months and years. All subsequent SRR illustrations given 262 

here are generated using the same algorithm applied in Figure 3. These visualizations allow us to 263 

compare the SRR patterns across the Northern Hemisphere during winter over the time period. The 264 

results demonstrate that this SRR product provides a valuable tool for examining how atmospheric 265 

transport patterns vary by altitude and across different subsets of in situ ozone observations over 266 

WNA. 267 

 268 

 269 

 270 

 271 

 272 

 273 
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 274 

 275 

Figure 3: Sensitivity of two FT ozone categories (< 5th percentile in panel (a) and > 66th 276 

percentile in panel (b)) are shown as a function of altitude during wintertime. Air parcels 277 

reaching WNA with very different amounts of ozone have origins in different regions of the 278 

Pacific and Asia.  279 

 280 

         Our dataset of backward simulations can also be used to illustrate atmospheric transport 281 

pathways as a function of season. Figure 4 shows an example of aggregated analysis of the seasonal 282 

patterns at all altitudes (from surface to 20km) for the entire 28-year period. A consistent feature 283 

across all seasons is the significant influence from the western North Pacific Ocean. However, 284 

panel (a) shows that the latitudinal extent of source locations for the cleanest parcels (ozone < 5th 285 
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percentile) varies with season. Transport from the tropical North Pacific Ocean dominates in winter, 286 

but the influence widens in spring and ultimately includes broader mid-latitude regions during 287 

summer. In contrast, panel (b) shows that the air parcels containing the largest amounts of ozone 288 

(> 95th percentile) show some modest seasonal variation in longitudinal extent but originate from 289 

a wide range of latitudes in all seasons. 290 

 291 

Figure 4: Seasonal sensitivity of residence time of parcels containing (a) the cleanest FT ozone 292 

level (< 5th percentile) and (b) the highest FT ozone level (> 95th percentile) over WNA during 293 

the complete 28-year dataset, including winter (DJF), spring (MAM), summer (JJA), and fall 294 

(SON).   295 

 296 

 5 Discussion and additional applications  297 

The SRR database supports atmospheric transport studies, such as examining airmass 298 

influences across seasons, altitudes, and ozone mixing ratios (Section 4). Additionally, the 28-year 299 

SRR dataset offers the potential for correlation analyses with climate indices, providing valuable 300 
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insights into the impacts of climate change on atmospheric transport and, consequently, FT ozone 301 

levels over WNA (Ryoo et al., in preparation). 302 

SRRs can also be linearly convolved with gridded emission source fields to explore the 303 

contributions of both anthropogenic and natural sources to ozone formation. For example, lightning 304 

nitrogen oxides (NOx) are a natural source of ozone formation. By convolving the SRR fields with 305 

the lightning NOx source rate, we can identify specific lightning regions that contribute to FT ozone 306 

levels over WNA. Figure 5 illustrates a related analysis. An increasing trend of SRRs across 307 

altitudes from 3 to 13 km, associated with the 66th to 95th percentiles of WNA ozone receptor 308 

levels, is shown in Figure 5 (a). The positive slope indicates that air parcels which contained 309 

ozone amounts in the 66-95th percentiles spent more time at 3-13 km in later years than did 310 

equivalent parcels in earlier years. To clarify whether lightning NOx sources align with the SRRs 311 

and whether the increased SRRs bring more lightning-related ozone formation to the downwind 312 

WNA FT ozone levels, we calculate the global lightning NO flux rate using the Global Modeling 313 

Initiative (GMI) model (e.g., Bey et al., 2001; Kinnison et al., 2001). We compare the SRR fields 314 

with the lightning NO flux rate fields over the Northern Hemisphere for the periods 1994–2006 and 315 

2007–2019 (middle row of Figure 5 (b and c)). Additionally, we computed a field of SRR multiplied 316 

by the lightning NO flux rate to focus on the influence of source regions on the 66th to 95th 317 

percentiles of WNA ozone levels (bottom row of Figure 5 (b) and (c)). Changes in this field between 318 

the two periods are shown (Figure 5 (d)), with higher values indicating regions where lightning 319 

activity may contribute to WNA ozone levels in terms of both magnitude and variation. Further 320 

detailed scientific analysis is warranted. 321 

 322 
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 323 

 324 

Figure 5: (a) Mean SRRs within the 3 - 13 km layers averaged over Tropical Pacific (5-35°N, 325 

180-130°W) as a function of time for receptors containing ozone amounts between the 66th 326 

and 95th percentile. (b) and (c) SRRs for two time periods (1994-2006 and 2007-2019) (top 327 

row); average lightning NO concentrations, weighted by area and time over the Northern 328 

Hemisphere, as estimated by the GMI system (middle row); multiplication of top and middle 329 

row highlights areas of greatest potential influence (bottom row). (d) Differences between 330 

panels (b) and (c). 331 

 332 

By integrating gridded lightning NOx emissions with SRRs, users can better distinguish 333 

contributions from various geospatial locations. A similar approach, focusing on the impact of 334 

aircraft NOx emissions on FT ozone formation over WNA, is discussed in Ryoo et al. (in 335 

preparation). Another potential application involves linking fire-related trace gases (e.g., carbon 336 

monoxide (CO)) with SRRs to assess the influence of the changes of fire events on FT ozone levels 337 

over WNA. 338 

It is important to note that the analysis described above does not account for chemical 339 

reactions (e.g., formation or loss processes). Instead, these analyses simply provide an initial 340 
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indication of regions likely contributing to ozone formation in WNA. Ozone formed locally in 341 

regions with high NOx levels or during transport could be delivered to our ozone receptor locations, 342 

and therefore, higher SRR-weighted NOx emissions are indicative of regions with a potentially 343 

significant impact on FT ozone over WNA. We acknowledge that CTMs remain more 344 

comprehensive tools for interpreting ozone changes driven by the complex interaction 345 

between dynamical and photochemical processes. While uncertainties remain, this approach 346 

provides a rapid and effective means to identify regions associated with FT ozone formation over 347 

WNA and to analyze how changes in source regions contribute to variations in downwind FT ozone 348 

levels. 349 

In addition, our ozone receptors span from 900 hPa up to 300 hPa, and the highest-350 

altitude data (e.g., 400–300 hPa) shown in Figure 1, together with the corresponding SRR 351 

values, may help elucidate how stratosphere–troposphere exchange (STE) contributes to 352 

ozone increases in the free troposphere. However, 300 hPa is generally still below the altitude 353 

of the most active STE; therefore, the current SRR dataset may be insufficient for fully 354 

capturing these processes. 355 

The SRR product in our archived database extends beyond ozone research, supporting 356 

transport and source attribution analyses for other atmospheric components observed over WNA at 357 

the spatial and temporal scales defined by the ozone receptor grids. For instance, IAGOS profiles 358 

(Section 2) have included CO measurements since 2001, and AJAX missions (Section 2) have 359 

collocated methane (CH4) observations. Therefore, the SRR database can be applied to 360 

attribute sources contributing to FT CO and CH4 trends over WNA, as well as to assess the 361 

sensitivity of FT ozone over WNA to biomass burning (using CO as a tracer). Additionally, all 362 

ozone observations are paired with co-located water vapor measurements. For example, we can use 363 

the SRR database to understand decadal-scale changes in the source regions of moisture over 364 

western North America, such as variability in atmospheric rivers. 365 

Moreover, measurements not directly linked to the ozone observation platforms used in 366 

this study (Section 2) but aligned with the spatial and temporal framework defined by the ozone 367 

receptors, such as dust-related aerosol measurements in the FT over WNA, can also leverage the 368 

SRR database to analyze the transport and origin of diverse atmospheric constituents. 369 

 370 

6 Summary 371 

         Using the statistical technique established by Chang et al. (2022), we integrated and 372 

reconciled a gridded ozone database from various ozone observing platforms, covering 900 to 300 373 
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hPa, primarily focused on the free-tropospheric and upper tropospheric layers, for nearly three 374 

decades (1994–2021). In conjunction with this fused dataset, we conducted backward simulations 375 

using the Lagrangian-based transport model FLEXPART to calculate source-receptor relationships 376 

(SRRs) for each gridded ozone data point. The FLEXPART model is an offline model driven by 377 

ERA-5 reanalysis data. FLEXPART-ERA5 is designed to deliver the SRR product at high temporal 378 

and spatial resolution on a global scale, with the available SRR information up to 15 days prior. 379 

         This SRR database, which combines the multiplatform-fusion ozone product and 380 

FLEXPART-ERA5-based SRRs, was developed specifically to support multi-decadal analyses of 381 

airmasses containing a range of ozone values to advance the understanding of ongoing changes in 382 

FT ozone, as most recently identified in Chang et al. (2023). It also supports the analysis of 383 

increased FT ozone trends across a range from synoptic dynamics to mesoscale processes in 384 

relation to various climate indicators (Ryoo et al., in preparation).  385 

         Our archived product includes both the Western North America (WNA) fused ozone data and 386 

SRR modeling output, providing a powerful resource for understanding atmospheric transport and 387 

emission source contributions to FT ozone levels over WNA under various scenarios. This product 388 

also holds potential for investigating other aspects of atmospheric components which are relevant 389 

to the receptor grid chosen here.  390 

 391 

7  Data and Code availability and File format 392 

         The model outputs, associated receptor data, and post-processing scripts are available at 393 

NASA's DAAC/ASDC (https://asdc.larc.nasa.gov/project/WNA-BackTraj). Specifically, the 394 

gridded receptor details are stored in a CSV file that includes columns for the year, month, day, 395 

hour, latitude, longitude, pressure, and corresponding ozone values. As outlined in Section 3, 396 

FLEXPART model outputs from each monthly batch run are stored in separate monthly folders in 397 

binary format. The 28 years of binary files occupy approximately 4 TB of storage. Post-processing 398 

scripts to read these binary files in various programming languages are available at 399 

https://www.flexpart.eu/wiki/FpOutput. Additionally, we have attached a MATLAB script with 400 

other archived files. For example, Ryoo et al. (in preparation) used this MATLAB script to convert 401 

binary files to NetCDF format and to reduce the domain from global to the Northern Hemisphere 402 

for further analysis. That 1° x 1° monthly output for the Northern Hemisphere is also archived at 403 

the same location.  404 

 405 

Competing interests: 406 

Commented [YC10]: We updated the data link, because all 

data are available at NASA’s ASDC now.  



 

17 

 

The authors declare that they have no conflict of interest. 407 

 408 

Acknowledgements 409 

       The authors would like to acknowledge NASA’s Atmospheric Composition Campaign Data 410 

Analysis and Modeling program (award 20-ACCDAM20-0083). The authors also would like to 411 

acknowledge the NASA High-End Computing (HEC) Program through the NASA Advanced 412 

Supercomputing (NAS) Division at Ames Research Center (award SMD-20-28429430). 413 

Development of this database was supported in part by NOAA cooperative agreement (no. 414 

NA22OAR4320151).  415 

 416 

 417 

References 418 

Bakels, L., Tatsii, D., Tipka, A., Thompson, R., Dütsch, M., Blaschek, M., Seibert, P., Baier, K., 419 
Bucci, S., Cassiani, M., Eckhardt, S., Groot Zwaaftink, C., Henne, S., Kaufmann, P., Lechner, V., 420 
Maurer, C., Mulder, M. D., Pisso, I., Plach, A., Subramanian, R., Vojta, M., and Stohl, A.: 421 
FLEXPART version 11: improved accuracy, efficiency, and flexibility, Geosci. Model Dev., 17, 422 
7595–7627, https://doi.org/10.5194/gmd-17-7595-2024, 2024. 423 
 424 
Bey, I., Jacob, D.J., Yantosca, R. M., Logan, J. A., Field, B.D., Fiore, A.M., Li, Q., Liu, H.Y., 425 
Mickley, L.J., and Schultz, M.G.: Global modeling of tropospheric chemistry with assimilated 426 
meteorology: Model description and evaluation, J. Geophys. Res., 106(D19), 23073–23095, 427 
doi:10.1029/2001JD000807,2001.  428 
Boulanger, D., Thouret, V., & Petzold, A.: In-service Aircraft for a Global Observing System 429 
(IAGOS) Data Portal [Dataset]. Aeris. https://doi.org/10.25326/20, 2022. 430 
 431 
Chang, K.-L., Cooper, O. R., Gaudel, A., Allaart, M., Ancellet, G., Clark, H., Godin-Beekmann, 432 
S., Leblanc, T., Van Malderen, R., Nédélec, P., Petropavlovskikh, I., Steinbrecht, W., Stübi, R., 433 
Tarasick, D. W., and Torres, C.: Impact of the COVID-19 economic downturn on tropospheric 434 
ozone trends: an uncertainty weighted data synthesis for quantifying regional anomalies above 435 
western North America and Europe, AGU Advances, 3, e2021AV000542, 436 
https://doi.org/10.1029/2021AV000542, 2022. 437 
 438 
Chang, K.-L., Cooper, O. R., Gaudel, A., Petropavlovskikh, I., Effertz, P., Morris, G., and 439 
McDonald, B. C.: Technical note: Challenges in detecting free tropospheric ozone trends in a 440 
sparsely sampled environment, Atmos. Chem. Phys., 24, 6197–6218, https://doi.org/10.5194/acp-441 
24-6197-2024, 2024. 442 
 443 
Chang, K.-L., Cooper, O. R., Rodriguez, G., Iraci, L. T., Yates, E. L., Johnson, M. S., Gaudel, A., 444 
Jaffe, D. A., Bernays, N., Clark, H., Effertz, P., Leblanc, T., Petropavlovskikh, I., Sauvage, B., and 445 
Tarasick, D. W.: Diverging ozone trends above western North America: Boundary layer decreases 446 
versus free tropospheric increases, J. Geophys. Res.-Atmos., 128, e2022JD038090, 447 
https://doi.org/10.1029/2022JD038090, 2023. 448 
 449 

https://doi.org/10.25326/20


 

18 

 

Cooper, O.R,  Parrish, D.D., Stohl, A., Trainer, M., Nédélec,P., Thouret, V., Cammas,  J.P., 450 
Oltmans, S. J., Johnson, B. J., Tarasick, D., Leblanc, T., McDermid, I. S., Jaffe, D., Gao, R., Stith, 451 
J., Ryerson, T., Aikin, K., Campos, T., Weinheimer, A., Avery, M.A.: Increasing springtime ozone 452 
mixing ratios in the free troposphere over western North America, Nature, 463, 453 
10.1038/nature08708, 2010. 454 
 455 
Cooper, O. R., Oltmans, S. J., Johnson, B. J., Brioude, J., Angevine, W., Trainer, M., Parrish, D. 456 
D., Ryerson, T. R., Pollack, I., Cullis, P. D., Ives, M. A., Tarasick, D. W., Al-Saadi, J., and Stajner, 457 
I.: Measurement of western U.S. baseline ozone from the surface to the tropopause and assessment 458 
of downwind impact regions, J. Geophys. Res., 116, D00V03, doi:10.1029/2011JD016095, 2011. 459 
 460 
Cui, Y. Y., Ryoo, J.- M., Johnson, M. S., Chang, K.- L., Yates, E., Cooper, O. R., Iraci, L. T. : 461 
NASA_ACCDAM_FLEXPART_ERA5_BackTrajectory_28yrOzone_WNA, ZENODO [Data 462 
set], https://doi.org/10.5281/zenodo.14227019, 2024.  463 
 464 
Forster, C., A. Stohl, and P. Seibert, 2007: Parameterization of Convective Transport in a 465 
Lagrangian Particle Dispersion Model and Its Evaluation. J. Appl. Meteor. Climatol., 46, 403–466 
422, https://doi.org/10.1175/JAM2470.1. 467 
 468 
Fiore, A. M., et al.: "Global air quality and climate." Chem. Soc. Rev. 41(19): 6667-6685. 469 
doi:10.1039/c2cs35095f, 2012.  470 
 471 
Grant, W. B., et al.: A case study of transport of tropical marine boundary layer and lower 472 
tropospheric air masses to the northern midlatitude upper troposphere, J. Geophys. Res., 105(D3), 473 
3757–3769, doi: 10.1029/1999JD901022, 2000. 474 
 475 
Gaudel, A., Cooper, R.O., Chang, K. -L., Bourgeois, I., Ziemke, J. R., Sarah A. S., 476 
Strode, Oman, L. D., Sellitto, P., Nédélec, P., Blot, R., Thouret, V., and Granier, C.: Aircraft 477 
observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the 478 
Northern Hemisphere. Sci. Adv., 6, eaba8272, DOI:10.1126/sciadv.aba8272, 2020. 479 
 480 
Gaudel, A., Bourgeois, I., Li, M., Chang, K.-L., Ziemke, J., Sauvage, B., Stauffer, R. M., Thompson, 481 
A. M., Kollonige, D. E., Smith, N., Hubert, D., Keppens, A., Cuesta, J., Heue, K.-P., Veefkind, P., 482 
Aikin, K., Peischl, J., Thompson, C. R., Ryerson, T. B., Frost, G. J., McDonald, B. C., and Cooper, 483 
O. R.: Tropical tropospheric ozone distribution and trends from in situ and satellite data, Atmos. 484 
Chem. Phys., 24, 9975–10000, https://doi.org/10.5194/acp-24-9975-2024, 2024. 485 
 486 
Gulev, S. K., Thorne, P. W., Ahn, J., Dentener, F. J., Domingues, C. M., Gerland, S., Gong, D., 487 
Kaufman, D. S., Nnamchi, H. C., Quaas, J., Rivera, J. A., Sathyendranath, S., Smith, Trewin, S. L.,  488 
B., von Schuckmann, K., Vose, R. S., Allan, R., Collins, B., Turner, A. and Hawkins, E.: Changing 489 
state of the climate system. In: MassonDelmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., 490 
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., 491 
Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R. and Zhou, B. (eds.) Climate 492 
Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 493 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University 494 
Press, Cambridge, UK, pp. 287-422. doi: https://doi.org/10.1017/9781009157896.004 Available at 495 
https://centaur.reading.ac.uk/101849/, 2021. 496 
 497 

https://doi.org/10.5281/zenodo.14227019
https://doi.org/10.1126/sciadv.aba8272
https://doi.org/10.5194/acp-24-9975-2024
https://centaur.reading.ac.uk/101849/


 

19 

 

Hegarty, J., and Coauthors, 2013: Evaluation of Lagrangian Particle Dispersion Models with 498 
Measurements from Controlled Tracer Releases. J. Appl. Meteor. Climatol., 52, 2623–499 
2637, https://doi.org/10.1175/JAMC-D-13-0125.1. 500 
 501 
Hersbach, H., Bell, B., Berrisford, P., et al. The ERA5 global reanalysis. Q J R Meteorol Soc. 2020; 502 
146: 1999–2049. https://doi.org/10.1002/qj.3803, 2020. 503 
 504 
Iraci, L. T., Yates, E. L., Marrero, J. E., Parworth, C. L., Ryoo, J.-M., Tanaka, T., et al.: Airborne 505 
Trace Gas Measurements Collected by the Alpha Jet Atmospheric eXperiment (AJAX) Project: 506 
2011–2018 [Dataset]. Atmospheric Science Data Center. 507 
https://doi.org/10.5067/ASDC/AJAX_O3, 2021. 508 
 509 
Jacob D. J.; Logan J. A.; Murti P. P.: Effect of rising Asian emissions on surface ozone in the 510 
United States. Geophys. Res. Lett., 26 (14), 2175–2178. 10.1029/1999GL900450, 1999. 511 
 512 
Jaffe, D., Chand, D., Hafner, W., Westerling, A., and Spracklen, D.: Influence of Fires on O3 513 
Concentrations in the Western U.S, Environ. Sci. Technol., 42 (16), 5885-5891; DOI: 514 
10.1021/es800084k, 2008. 515 
 516 
Jaffe, D. A., and Wigder, N. L.: Ozone production from wildfires: a critical review, Atmos. 517 
Environ., 51 (2012), pp. 1-10., DOI: 10.1016/j.atmosenv.2011.11.063, 2012.  518 
 519 
Jaffe, D. A., Cooper, O. R., Fiore, A. M., Henderson, B. H., Tonnesen, G., Russell, A. G.,  and 520 
Moore, T.: Scientific assessment of background ozone over the u.s.: implications for air quality 521 
management. Elem. Sci. Anth, 6. https://doi.org/10.1525/elementa.309, 2018. 522 
 523 
Kinnison, D. E., Connell, P. S., Rodriguez, J. M., Rotman, D. A., Considine, D. B., Tannahill, J., 524 
Ramaroson, R., Rasch, P. J., Douglass, A. R., Baughcum, S. L., Coy, L.,  Waugh, D. W., Kawa, S. 525 
R., and Prather, M. J.: The Global Modeling Initiative Assessment Model: Application to High-526 
Speed Civil Transport Perturbation, J. Geophys. Res., 106, 1693-1711, 2001. 527 
 528 
Lin M., Fiore, A. M., Cooper, O. R., Horowitz, L. W., Langford, A. O., Levy II, H., Johnson, B. J., 529 
Naik, V., Oltmans, S. J., Senff, C.: Springtime high surface ozone events over the western United 530 
States: Quantifying the role of stratospheric intrusions, J. Geophys. Res., 117, D00V22, 531 
doi:10.1029/2012JD018151, 2012. 532 
 533 
Lin M., Fiore, A. M., Horowitz, L. W., Langford, A. O., Oltmans, S. J., Tarasick, D., and Reider, 534 
H. E.: Climate variability modulates western US ozone air quality in spring via deep stratospheric 535 
intrusions, Nat. Commun., 6, 7105, doi:10.1038/ncomms8105, 2015. 536 
 537 
Pisso, I., Sollum, E., Grythe, H., Kristiansen, N. I., Cassiani, M., Eckhardt, S., et al.: The 538 
Lagrangian particle dispersion model FLEX-PART version 10.4. Geoscientific Model 539 
Development, 12, 4955–4997. https://doi.org/10.5194/gmd-12-4955-2019, 2019. 540 
 541 
Seibert, P. and Frank, A.: Source-receptor matrix calculation with a Lagrangian particle dispersion 542 
model in backward mode, Atmos. Chem. Phys., 4, 51–63, https://doi.org/10.5194/acp-4-51-2004, 543 
2004. 544 
 545 

https://doi.org/10.1175/JAMC-D-13-0125.1
https://doi.org/10.1002/qj.3803
https://doi.org/10.5067/ASDC/AJAX_O3
https://doi.org/10.1525/elementa.309
https://doi.org/10.5194/gmd-12-4955-2019


 

20 

 

Stohl, A., Hittenberger, M. and Wotawa, G., 1998. Validation of the Lagrangian particle dispersion 546 
model FLEXPART against large-scale tracer experiment data. Atmospheric Environment, 32(24), 547 
pp.4245-4264. 548 
 549 
Stohl, A., Forster, C., Frank, A., Seibert, P., and Wotawa, G.: Technical note: The Lagrangian 550 
particle dispersion model FLEXPART version 6.2, Atmos. Chem. Phys., 5, 2461–2474, 551 
https://doi.org/10.5194/acp-5-2461-2005, 2005. 552 
 553 
Taylor and Thompson (1982). An Introduction to Error Analysis: The Study of Uncertainties in 554 
Physical Measurements. 555 
 556 
Tipka, A., Haimberger, L., and Seibert, P.: Flex_extract v7.1.2 – a software package to retrieve and 557 
prepare ECMWF data for use in FLEXPART, Geosci. Model Dev., 13, 5277–5310, 558 
https://doi.org/10.5194/gmd-13-5277-2020, 2020. 559 
 560 
Van Malderen, R., Zang, Z., Chang, K.-L., Björklund, R., Cooper, O. R., Liu, J., Maillard Barras, 561 
E., Vigouroux, C., Petropavlovskikh, I., Leblanc, T., Thouret, V., Wolff, P., Effertz, P., Gaudel, A., 562 
Tarasick, D. W., Smit, H. G. J., Thompson, A. M., Stauffer, R. M., Kollonige, D. E., Poyraz, D., 563 
Ancellet, G., De Backer, M.-R., Frey, M. M., Hannigan, J. W., Hernandez, J. L., Johnson, B. J., 564 
Jones, N., Kivi, R., Mahieu, E., Morino, I., McConville, G., Müller, K., Murata, I., Notholt, J., 565 
Piters, A., Prignon, M., Querel, R., Rizi, V., Smale, D., Steinbrecht, W., Strong, K., and Sussmann, 566 
R.: Ground-based Tropospheric Ozone Measurements: Regional tropospheric ozone column trends 567 
from the TOAR-II/ HEGIFTOM homogenized datasets, EGUsphere [preprint], 568 
https://doi.org/10.5194/egusphere-2024-3745, 2025. 569 
 570 
Wu, L., H. Su, X. Zeng, D. J. Posselt, S. Wong, S. Chen, and A. Stoffelen, 2024: Uncertainty of 571 
Atmospheric Winds in Three Widely Used Global Reanalysis Datasets. J. Appl. Meteor. 572 
Climatol., 63, 165–180, https://doi.org/10.1175/JAMC-D-22-0198.1. 573 
 574 
Environment and Climate Change Canada. (2022). Canadian ozonesonde network [Dataset]. World 575 
Ozone and Ultraviolet Radiation Data Centre. Retrieved from 576 
https://hegiftom.meteo.be/datasets/ozonesondes. 577 
 578 
NOAA Global Monitoring Laboratory. (2022). Homogenized ozonesonde data archive [Dataset]. 579 
Retrieved from ftp://aftp.cmdl.noaa.gov/data/ozwv/Ozonesonde/. 580 
 581 
NASA Jet Propulsion Laboratory. (2022). Table Mountain atmospheric lidar data [Dataset]. 582 
Network for the Detection of Atmospheric Composition Change. Retrieved from https://www-583 
air.larc.nasa.gov/missions/ndacc/. 584 

https://doi.org/10.1175/JAMC-D-22-0198.1
https://hegiftom.meteo.be/datasets/ozonesondes
ftp://aftp.cmdl.noaa.gov/data/ozwv/Ozonesonde/
https://www-air.larc.nasa.gov/missions/ndacc/
https://www-air.larc.nasa.gov/missions/ndacc/

