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The Earth Polychromatic Imaging Camera (EPIC) onboard the Deep Space Climate Observatory (DSCOVR) spacecraft has enabled near-global measurements of total ozone, SO2, aerosols, surface reflectivity, surface UV, and cloud pressure from June 2015 to the present at high spatiotemporal resolution. The EPIC instrument measures these geophysical parameters synoptically over the entire sunlit disk of the Earth every 1–2 h each day at a resolution down to ∼18 km × 18 km at the nadir sub-satellite point. No current satellite instruments other than EPIC make measurements every 1–2 h over the sunlit disk of the Earth while still obtaining near-global coverage each day. We present scientific results from 10 years of tropospheric column ozone (TCO) data derived from combined EPIC and Modern-Era Retrospective analysis for Research and Applications-2 (MERRA-2) ozone data. We use the EPIC TCO to characterize variabilities in tropospheric ozone from daily to decadal timescales. We also use EPIC TCO with hourly sampling to evaluate the geostationary measurements of total and tropospheric ozone from the Geostationary Environmental Monitoring Spectrometer (GEMS) instrument. The EPIC TCO hourly data gridded at 1o × 1o horizontal resolution for June 2015–present are made available to the general public from the NASA Langley Atmospheric Science Data Center (ASDC) data portal.
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1 INTRODUCTION
The Earth Polychromatic Imaging Camera (EPIC) (Marshak et al., 2018) onboard the Deep Space Climate Observatory (DSCOVR) spacecraft has been measuring total column ozone over the disk of the Earth every 1–2 h since June 2015. An EPIC hourly tropospheric column ozone (TCO) product has been developed from the EPIC total ozone (Herman et al., 2018; Kramarova et al., 2021) and is obtained from the NASA Langley Atmospheric Science Data Center (ASDC). Because of the unique L1 positioning of the DSCOVR satellite (∼930,000 miles from the Earth toward the Sun), the EPIC instrument measures ozone and other trace gases every 1–2 h over any given location and provides near-global coverage each day. No other existing satellite instrument provides such high spatiotemporal coverage for global ozone measurements.
The high spatiotemporal sampling and long 10-year record for EPIC enables characterization of TCO variability over a broad range of timescales, from hourly to decadal. EPIC measures total column ozone at a given location an average of 3–4 (to as many as eight) times per day (see Supplementary Figure S3); these are all daytime measurements made within 5–6 h of local noon. The hourly sampling of EPIC TCO is useful for evaluating the geostationary measurements of ozone. We compare EPIC total column ozone and TCO with measurements from the Geostationary Environmental Monitoring Spectrometer (GEMS) instrument, which takes hourly measurements over the Asia–Pacific region. We derive GEMS TCO by combining GEMS total ozone and Modern-Era Retrospective analysis for Research and Applications-2 (MERRA-2) stratospheric profile ozone data (discussed in Section 3.3).
EPIC TCO has been used to characterize anomalously low free tropospheric ozone (∼2–3 DU TCO reductions) throughout the Northern Hemisphere (NH) that was first observed in spring 2020 (Kramarova et al., 2021; Ziemke et al., 2022) at the onset of the Coronavirus Disease 2019 (COVID-19) pandemic. This anomalously low ozone has been studied extensively from both measurements and models (Bauwens et al., 2020; Bouarar et al., 2021; Bray et al., 2021; Campbell et al., 2021; Kramarova et al., 2021; Elshorbany et al., 2021; Jensen et al., 2021; Keller et al., 2021; Liu et al., 2020; Miyazaki et al., 2021; Pakkattil et al., 2021; Sicard et al., 2020; Stavrakou et al., 2021; Steinbrecht et al., 2021; Ziemke et al., 2022). These studies suggest that the low ozone in the NH originates from both reductions in pollution during the COVID-19 pandemic and meteorology involving anomalous reductions in ozone transport from the stratosphere. Ziemke et al. (2022) showed from EPIC, Ozone Monitoring Instrument (OMI), and Ozone Mapping and Profiler Suite (OMPS) satellite measurements that low tropospheric ozone anomalies reoccurred in the spring and summer of 2021 and were primarily over the ocean.
The updated merged record of EPIC, OMI, and OMPS TCO through December 2024 indicates that the anomalous drop in NH TCO occurred again in 2023, averaging approximately 2–3 DU in spring–summer of each year (Figure 1). Figure 1 is similar to Supplementary Figure S6 of Ziemke et al. (2022) but extends through 2024. The merged TCO record in Figure 1 exhibits a small positive trend (∼1–2 DU decade−1) in the NH mid-latitudes from 2004 through 2019, which levels off afterward due to the anomalously low TCO starting in 2020. The true extent and cause of these anomalies are still being investigated. A recent study by Sun et al. (2024) suggests that the major reductions in worldwide shipping pollution emissions (mostly PM2.5, SO2, and NOx) that started in early 2020 may have resulted in net global reductions of ground-level PM2.5, NO2, and ozone concentrations by ∼14%, 85%, and 1%, respectively. Figure 1 indicates that TCO in spring/summer 2024 may have returned to pre-COVID levels.
[image: Heat map of merged zonal mean tropospheric ozone (TrO3) from 2004 to 2024 across latitudes -60 to 60. Color scale in Dobson Units shows variation in ozone levels, with data annotations for OMI, OMPS, and EPIC.]FIGURE 1 | Merged monthly mean TCO derived from averaging the TCO products from EPIC (June 2015–December 2024), OMI (October 2004–December 2024), and OMPS (January 2012–December 2024). Merged TCO was derived using a simple equal-weighting averaging of the three sensors wherever mutual data were available. Both EPIC and OMPS TCO were pre-adjusted to OMI/MLS TCO by calculating the offsets at every 5o × 5o grid point based on pre-COVID years 2016–2019.Deep convection associated with the inter-annual El Nino Southern Oscillation (ENSO), Indian Ocean dipole (IOD) events, the 1–2 months Madden–Julian oscillation (MJO), and year-round convection (with short timescales of days to weeks) forces large-scale changes in the tropospheric ozone of ∼5–15 DU within the tropics (Sekiya and Sudo, 2012; Ziemke et al., 2015, and references therein). The deep convection from these episodes uplifts boundary layer air with convective outflow in the mid-to-upper troposphere. The result is that tropospheric ozone concentrations throughout the vertical column are similar to BL concentrations over broad tropical areas. The convectively distributed ozone concentrations may, therefore, be small throughout much of the troposphere in the remote Pacific than in the regions of South America and Africa, which are much more polluted in the BL.
Weather systems in the extra-tropics result in year-round variability of ozone throughout the troposphere and lower stratosphere. The weather systems are initiated by baroclinic instabilities that are associated with the presence of horizontal temperature gradients on constant pressure surfaces (Holton, 2004). A characterization of weather system-related variability of tropospheric ozone, particularly satellite-derived TCO, has never been documented in literature. We include a short evaluation of weather-system variability in EPIC TCO to show related amplitudes and global spatial patterns.
Section 2 discusses the datasets used, Section 3 shows the results involving variabilities in TCO and evaluation of geostationary ozone measurements, and Section 4 summarizes our results.
2 DATA
2.1 Satellite measurements of TCO
TCO from the DSCOVR EPIC instrument (Kramarova et al., 2021) is calculated by combining EPIC total column ozone with stratospheric ozone profiles from Global Modeling and Assimilation Office (GMAO) MERRA-2 (GMAO, 2015; Gelaro et al., 2017; Wargan et al., 2017). Synoptic hourly maps of TCO over the disk of the Earth are determined by subtracting coincident stratospheric column ozone (SCO) from total column ozone, where SCO is derived by vertically integrating MERRA-2-assimilated Aura MLS ozone profiles from the top of the atmosphere down to the tropopause. The tropopause pressure is taken from MERRA-2 analyses using standard potential vorticity–potential temperature (PV-θ) definition (i.e., 2.5 PV units or 380 K). The SCO synoptic fields from MERRA-2 at 3-h intervals are space–time co-located on a pixel-by-pixel basis via temporal interpolation with EPIC total ozone measurement footprints.
Sensitivity for detecting tropospheric ozone variability for EPIC is ∼100% above 5 km altitude but decreases to ∼40% for ozone columns below 5 km (Supplementary Figure S5). EPIC column weighing function (CWF) is reported for each EPIC total ozone measurement and indicates the measurements’ sensitivity to ozone changes in different atmospheric layers. TCO measured from EPIC/MERRA-2, therefore, represents mostly free tropospheric ozone. To account for the limited sensitivity to ozone variations in the boundary layer (BL) measured by EPIC, we applied a correction (ΔTCO), which is added to the derived hourly EPIC TCO columns (Kramarova et al., 2021, Supplemental): ∆TCO (λ, φ, t) = [1 – CWF0(λ, φ, t)] ∗ [GEOSCLIM(λ, φ, doy)-MLCLIM(φ, doy)], where λ is the longitude, φ is the latitude, t is temporal index for EPIC measurements (Kramarova, et al., 2021, Supplemental), and doy is an index for day of year (1–365) for climatology. To retrieve EPIC total ozone, we use zonal mean climatology MLCLIM (McPeters and Labow, 2012) that does not represent global variability in the BL ozone. Therefore, we created a gridded (at 1o × 1o) BL climatology GEOSCLIM using GEOS-replay simulation (Molod et al., 2015) to compensate for the missing BL variability (for more details, see Kramarova et al., 2021).
The EPIC TCO synoptic maps gridded at 1o × 1o horizontal resolution are available to the general public from the NASA Langley Atmospheric Science Data Center (ASDC) (https://asdc.larc.nasa.gov/search?query=EPIC). The EPIC ozone observations were started in June 2015. EPIC did not make observations between late June 2019 and February 2020 due to malfunctioning of the satellite positioning. The observations were resumed in March 2020. In this study we also use daily gridded (1o × 1o) TCO maps calculated by averaging synoptic TCO maps for each day.
Our evaluation of EPIC TCO includes comparisons with OMI TCO (Ziemke et al., 2022) and OMPS TCO (McPeters et al., 2019; Elshorbany et al., 2021). We use SCO synoptic fields from MERRA-2 analyses for all three satellite products for consistency of TCO measurements. The TCO for both OMI and OMPS are calculated similarly to EPIC TCO by subtracting coincident MERRA-2 SCO from satellite Level-2 total ozone. Details of the OMI and OMPS TCO computations are discussed in Kramarova et al. (2021).
We have also used EPIC total ozone and TCO to evaluate similar measurements from the South Korean Geostationary Environmental Monitoring Spectrometer (GEMS) instrument launched on 19 February 2020. The GEMS geostationary instrument measures ozone and other trace gases at high spatiotemporal resolution in a region centered over East Asia (Baek et al., 2023). Horizontal resolution for GEMS is approximately 3.5 × 7 km2. GEMS TCO for our study was derived similarly to EPIC TCO by subtracting space–time co-located MERRA-2 SCO from GEMS total ozone. An algorithm for directly deriving the GEMS profile ozone (not yet released to the public) is discussed in Bak et al. (2019).
2.2 Ozonesondes
As part of EPIC TCO validation, we have compared the EPIC TCO with ozonesonde measurements through 2024 from the World Ozone and Ultraviolet radiation Data Center (WOUDC), Southern Hemisphere Additional Ozonesondes (SHADOZ), and the Network for the Detection of Atmospheric Composition Change (NDACC). The sonde TCO is determined by integrating the daily sonde ozone mixing ratio from the ground level up to the tropopause, where the tropopause is defined the same as for EPIC TCO, that is, using co-located (at sonde location) MERRA-2 analyses and a standard PV-θ (2.5 PVU, 380 K) tropopause pressure definition. Most sonde ozone profile measurements are only once per day, with a total of approximately 1–4 profiles per month on average at each station. To colocate with the sondes, we use daily EPIC TCO maps and find the 1o × 1o grid box that encompasses the station location.
3 RESULTS
3.1 Validation of EPIC/MERRA-2 TCO
EPIC/MERRA-2 TCO was studied previously by Kramarova et al. (2021) using both sonde and satellite TCO (e.g., OMI and OMPS) for the 2015–2020 time record. However, most of the sonde data for those comparisons were only available for a few years through at most mid-2019. Thus, for this study, we have updated the sonde evaluations of EPIC TCO through December 2024. Figure 2 shows time series of daily co-located EPIC TCO (black) and ozonesonde TCO (red) for several selected stations that have mostly continuous measurements over the EPIC 10-year record, with at least one sonde measurement per month on average over the 10-year record. Statistical offsets and standard deviations of EPIC/MERRA-2 TCO relative to ozonesondes for over 40 stations are listed in Supplementary Table S1. The panels in Figure 2 are arranged from the highest latitude to the lowest latitude from upper left to lower right. EPIC TCO (black asterisks) and sonde TCO (red asterisks) illustrate the dominant seasonal cycle present in TCO, which differs depending on the region. TCO in the NH can reach 50–60 DU at many stations, but TCO is low in the Southern Hemisphere (SH) Antarctic region at Davis (69oS, 78oE), with values as small as ∼5–10 DU in summer.
[image: Twelve line graphs display tropospheric ozone (DU) trends from 2015 to 2024 at different global locations, including Legionowo, Lindenberg, and others. Each graph compares EPIC/MERRA2 and Ozonesonde data, with seasonal fluctuations evident. Graph titles indicate latitude, longitude, and offset values. EPIC data is in black and Ozonesonde data in red.]FIGURE 2 | Time series of EPIC (black asterisks) and sondes (red asterisks) daily TCO for 2015–2024 at 12 selected ground-based locations (indicated). Mean offset and standard deviation in Dobson units for EPIC minus sonde TCO differences are quoted in each panel. This analysis uses daily ozonesondes from WOUDC, SHADOZ, and NDACC for the time period of 1 June 2015–31 December 2024.Mean differences and standard deviations for the sonde comparisons are shown in Figure 3, where only the most continuous sondes through at least 2023 with at least one sonde measurement per month on average over the 10-year record were included in the analysis. Figure 3 reveals a systematic shape to the differences as a function of the latitude of several DU; however, given the ±1σ uncertainty bars of ∼5 DU, nearly all of the EPIC minus sonde differences, up to a few DU, are statistically not different from zero. We can conclude that EPIC daily-mean TCO agrees well with that of the daily sondes with a near-zero offset and standard deviations of ∼4–6 DU.
[image: Scatter plot showing the offset and standard deviation of EPIC/MERRA2 Total Column Ozone (TCO) minus Sonde TCO across latitudes from -90 to 90 degrees. Data points are centered around zero with varying spreads.]FIGURE 3 | EPIC/MERRA-2 minus ozonesonde TCO differences (in Dobson units) calculated from daily co-located measurements. Sonde sites were chosen where the total number of sonde profile measurements over the 10-year record is at least 60 and extending through at least the year 2023. Vertical bars represent ±1σ standard deviation.We have also compared EPIC TCO with OMI and OMPS TCO, as was done by Kramarova et al. (2021) for 2015–2020, but now with 10 years of EPIC data. Latitude-dependent mean differences between EPIC TCO and both OMI and OMPS TCO are shown in Figure 4 for selected months of the year. The curves in Figure 4 represent 10-year average differences in TCO for the months of January, April, July, and October. We note that the difference curves in Figure 4 are essentially identical to the difference curves for total column ozone since the same MERRA-2 SCO analyses fields are used to calculate all three TCO products. Each of the curves in Figure 4 for TCO closely compare to the curves in Figure 6 of Kramarova et al. (2021) for total ozone differences for the years 2015–2020. For the latitude range 60oS–60oN, in Figure 4, the EPIC, OMPS, and OMI TCO are on average within ±2–3 DU, with an exception for high SH latitudes, where the differences are ±3–6 DU. We conclude, as did Kramarova et al. (2021) from both satellite and sonde comparisons, that EPIC TCO appears to be overall well-calibrated for measuring TCO.
[image: Two line graphs compare total column ozone (TCO) differences from 2015 to 2024. Graph (a) shows EPIC minus OMPS TCO differences, and graph (b) shows EPIC minus OMI TCO differences. Both graphs display data across various latitudes for January, April, July, and October in different line styles and colors. The vertical axis represents Dobson Units ranging from negative twenty to fifteen.]FIGURE 4 | (a) EPIC/MERRA-2 TCO minus OMPS/MERRA-2 TCO (in Dobson units) 10-year averages for the months of January, April, July, and October (indicated). (b) Same as (a), but for OMI/MERRA-2 TCO. Because MERRA-2 SCO was used for all three satellite products, these TCO differences are essentially identical to differences in total column ozone.3.2 TCO variabilities
TCO is always changing due to dynamics and photochemical sources that vary from daily to decadal timescales. In the tropics, most TCO variability originates from seasonal cycles coupled with ENSO and IOD and shorter daily to intra-seasonal changes that include the 1–2 month MJO (Tian et al., 2007; Ziemke and Chandra, 2003a; 2015; Fathurochman et al., 2017; Tweedy et al., 2020). Outside the tropics, TCO variability is mostly seasonal cycles with sources originating from seasonally varying stratosphere–troposphere exchange (STE), weather systems, and pollution events, including both anthropogenic and non-anthropogenic sources such as uncontrolled wildfires.
In the following sections, we derive characteristics of TCO variability from the 10 years of EPIC data beginning with basic seasonal cycles and ENSO signatures followed by using a multiple linear regression (MLR) model and calculated residuals to extract other remaining TCO variabilities.
3.2.1 Seasonal cycles
The largest and most persistent variability in tropospheric ozone originates from seasonal cycles due to seasonally varying stratospheric ozone influx and photochemical production in the troposphere. Seasonal cycles for EPIC TCO were determined from daily data by first computing the 2015–2024 average for each day of the year. The daily climatology was then averaged over 3-month seasons to produce the seasonal climatological maps shown in Figure 5. The seasonal cycle panels in Figure 5 for EPIC TCO can be compared with Supplementary Figure S1, S2 for OMI and OMPS TCO (discussed below).
[image: Global maps showing seasonal climatology of tropospheric ozone from the EPIC/MERRA2 data set. Four panels represent different seasons: DJF (top-left), MAM (top-right), JJA (bottom-left), and SON (bottom-right). Color gradients indicate variations in Dobson Units, ranging from low (purple tones) to high (orange tones).]FIGURE 5 | Seasonal TCO climatological maps (in Dobson units) calculated from 10 years of EPIC/MERRA-2 observations by averaging the climatological mean daily gridded (1o × 1o) EPIC/MERRA-2 TCO over 3-month periods: December–January–February (DJF), March–April–May (MAM), June–July–August (JJA), and September–October–November (SON).NH TCO in Figure 5 is the greatest from spring (March–April–May, MAM) to summer (June–July–August, JJA), with largest ozone level occurring in the Mediterranean region during JJA. The Mediterranean in summer is known as an annually recurring accumulation “crossroads” region for pollution, including ozone precursors (Lelieveld et al., 2002). Terrain height is seen to reduce regional TCO by as much as ∼10–15 DU, such as over the Rocky Mountains in western N. America, the Asian Tibetan Plateau, and the S. American Andes. In the tropics and subtropics, the dominant signature in TCO is a zonal maximum in the Atlantic and minimum in the Pacific (i.e., zonal “wave one”). This wave-one pattern was first documented by Fishman et al. (1990). The wave-one in TCO is present year-round, with the largest amounts of ∼45 DU in the Atlantic in SON. Differences in TCO between the Atlantic and Pacific are also greatest during the SON (September–October–November) season, which is up to ∼25 DU. The structure and time dependence of the wave-one is due to the persistent tropical east–west Walker circulation, which controls the transport of ozone produced from STE, and ozone precursors produced by lightning and biomass burning into the tropical Atlantic Ocean region from Africa and S. America during the peak burning months (September–October) each year.
As further validation of EPIC TCO, we computed a zonal mean EPIC TCO climatology for each month and compared it with similar OMPS and OMI zonal mean TCO monthly climatologies averaged over the same time period of 2015–2024 (Figure 6). The Global Modeling Initiative (GMI) replay 12-month climatology is also included in Figure 6 for comparison. The GMI simulation climatology uses MERRA-2 meteorology and the same MERRA-2 tropopause with TCO derived by integrating model profile ozone from the ground up to the tropopause (Ziemke et al., 2015, and references therein).
[image: Four contour plots titled "EPIC/MERRA2 Seasonal Climatology", "OMPS/MERRA2 Seasonal Climatology", "OMI/MERRA2 Seasonal Climatology", and "M2GMI Seasonal Climatology", showing seasonal climatology data. Latitudes are on the vertical axis, months on the horizontal axis. Color gradients from blue to orange indicate variations, with orange representing higher values centered around northern latitudes, and blue for lower values near southern latitudes. Each plot displays similar patterns, emphasizing seasonal and latitudinal variations.]FIGURE 6 | (a) Monthly zonal mean seasonal cycle in EPIC TCO (in DU) calculated from EPIC 1o × 1o gridded daily TCO data by averaging data over 2015–2024. (b) Same as (a), but for OMPS TCO. (c) Same as (a), but for OMI TCO. (d) Similar to (a), but for M2GMI simulated TCO (see text).In the NH, in Figure 6, there is a distinct propagating phase shift of the seasonal peak from April to May in the subtropics to June to July at mid-latitudes for all three products and model. That is, in each case, the seasonal maximum in TCO exceeds 40 DU in April–May at approximately 25oN, which extends into June–July at approximately 40oN. This NH phase transition corresponds with a northward rate of approximately 5o of latitude per month. The lowest TCO in the NH extra-tropics occurs in October–February at 50oN–60oN for all three products. In the SH, in Figure 6, the TCO seasonal cycle has the same phase with maxima during September–November at all latitudes for all three products and model; the largest SH TCO occurs at 15oS–20oS in September–November, with the amount being ∼36 DU. The lowest TCO in the SH is ∼15 DU and occurs at high latitudes around spring–summer months. The model simulation at high SH latitudes has a seasonal cycle close to that of EPIC and OMI and suggests that there may be some outlier measurements present for OMPS TCO at the high SH latitudes in winter when solar zenith angles for the satellite measurements are the largest. There are differences between the products and model in Figure 6 that involve mean bias differences and algorithm issues, but the patterns and amplitudes are all closely comparable between all four TCO panels. We summarize the seasonal variability in the tropics by noting the strong dependence on hemisphere, with TCO peaking in March–April in the NH and in September–November in the SH.
3.2.2 Inter-annual changes in tropical TCO due to ENSO and IOD
Tropical ENSO events and ensuing signatures on the ocean and atmosphere have been extensively studied and documented. Trenberth (1997) provided an extensive overview of ENSO with many key references. ENSO events in the tropics are known to generate substantial inter-annual anomalies in tropospheric ozone from satellites, sondes, and models (Chandra et al., 1998; 2002; Fujiwara et al., 1999; Thompson et al., 2001; Sudo and Takahashi, 2001; Nasser et al., 2009; Lee et al., 2010; Oman, et al., 2013; Ziemke and Chandra, 2003b; 2015; Le et al., 2024; Bruckner et al., 2024). Large ENSO-related increases in TCO reaching +20 DU over Indonesia in October 1997 have been recorded by Chandra et al. (2002) in ozonesondes, the Geostationary Earth Observation System Chemical transport model (GEOS-Chem), and Total Ozone Mapping Spectrometer (TOMS) satellite measurements. The GEOS-Chem model included in Chandra et al. (2002) indicated that most of the increases in TCO in the western Pacific during the 1997 El Nino occurred over Indonesia and originated from biomass burning, with the largest biomass burning contribution coming from above 5 km altitude.
We have studied inter-annual changes of EPIC TCO for 2015–2024 using de-seasonalized monthly-mean measurements. De-seasonalization of TCO was accomplished by subtracting mean seasonal cycles calculated from the 10-year record. Figure 7a compares time series of de-seasonalized TCO from EPIC (blue), OMI (red), and OMPS (black) for 2012–2024 in the tropical western Pacific at 100oE and 5oS, where the ENSO signal is large (discussed in Section 3.2.3). There were two strong El Nino events during this 10-year record, one in 2015 and one in 2023, with corresponding increases of 5–10 DU for all three products. La Nina events in late 2017 and 2020, seen as negative values in the Nino 3.4 index (Figure 7b), correspond with negative TCO anomalies of approximately −5 DU in the western Pacific.
[image: Graph a) shows tropospheric ozone in Dobson Units from 2012 to 2024, using three data sources: EPIC/MERRA2 (blue), OMI/MERRA2 (red), and OMPS/MERRA2 (black). Significant peaks and declines are marked with arrows. Graph b) displays the Nino3.4 ENSO Index (red) and IOD SST anomaly (black) in Kelvin over the same period, highlighting notable fluctuations in both indices.]FIGURE 7 | (a) De-seasonalized monthly TCO (in DU) in the tropical western Pacific (100oE, 5oS) for EPIC/MERRA-2 (blue curve), OMI/MERRA-2 (red curve), and OMPS/MERRA-2 (black curve). Here, the ENSO and IOD signals are both large (Section 3.2.3). The black arrows denote times when there were anomalously large increases (5–10 DU) in TCO corresponding to coupled positive phases of ENSO and IOD. (b) Monthly Nino 3.4 ENSO index (red curve) and IOD index (black curve) sea-surface temperature (SST) anomalies.Another source of tropospheric ozone variability comes from the Indian Ocean Dipole (IOD) (Saji et al., 1999). A positive-phase IOD corresponds to enhanced convection just east of Africa, with suppressed convection toward the east over the Indian Ocean. The positive IOD in 2019 was among one of the most intense ever recorded and created drought conditions over northern Australia due to the induced lack of convection and rainfall (Lu and Ren, 2020). The increase in the IOD index (Figure 7b) corresponds to a positive TCO anomaly of approximately +5 DU in late 2019 due to suppressed convection over the tropical western Pacific region for both OMI and OMPS (note that there is a gap in EPIC data between late June 2019 and February 2020).
The black arrows in Figure 7 indicate the three largest (positive) TCO anomalies of +5 to +10 DU during this time period. These large positive anomalies in TCO coincide when the ENSO and IOD indices are both in a generally positive phase.
3.2.3 Other transient variabilities
We further study variabilities in EPIC TCO using a MLR model (e.g., Randel and Cobb, 1994, and references therein) to remove the dominant seasonal cycle and ENSO forcings to reveal other remaining variabilities. Prior to this MLR analysis, we re-gridded the EPIC daily TCO from 1o × 1o to 5o × 5o bin size to reduce computational time.
Table 1 shows the calculated correlations between the three TCO products and the individual ENSO and IOD indices from Figure 7. Correlations between IOD and TCO for all three products are small compared to correlations between ENSO and TCO. These small correlations coupled with redundancy between the IOD and ENSO indices (their cross-correlation is +0.47) suggests that we include only ENSO and not IOD as TCO proxies in our MLR analysis.
TABLE 1 | Temporal correlation (r) between the TCO product time series in Figure 7 with both ENSO and IOD indices.	TCO product	r(TCO, ENSO)	r(TCO, IOD)
	EPIC/MERRA-2	0.593	0.172
	OMI/MLS	0.513	−0.066
	OMPS/MERRA-2	0.652	−0.247


The MLR model that we use is TCOt=At+B·t+C·ENSOt+Rt, where t is the day index that runs between 1 January 2015 (t = 0) and 31 December 2024 (t = 3,653), A(t) is the seasonal-cycle fit, B is the linear trend coefficient, C is the ENSO coefficient, with ENSO(t) being the Nino 3.4 monthly time series extrapolated to daily, and R(t) represents the residual error term for the model. The seasonal cycle A(t) uses nine regression constants (a0, a1, …, a8): A(t) = a0 + a1 cos(ωt) + a2 sin(ωt) + a3 cos(2ωt) + a4 sin(2ωt) + a5 cos(3ωt) + a6 sin(3ωt) + a7 cos(4ωt) + a8 sin(4ωt), where the angular frequency ω = 2π/365. The other coefficients in the MLR model are simple constants. Any missing TCO data (such as during the earlier half of 2015 for EPIC) are not included in the regression. We include a linear trend term in the model, even though the record length for EPIC is too short to derive reliable trends.
Figure 8 shows a breakdown of the MLR model for each coefficient term including the original data TCO(t) time average (Figure 8a) and standard deviation of the MLR residual R(t) (Figure 8e). Figure 8a shows the 10-year average original data TCO, which can be compared with the 10-year seasonal climatology plotted in Figure 5. Figure 8b shows that the MLR model seasonal cycle compares closely with the original TCO in Figure 8a.
[image: Five world maps show different analyses of Total Column Ozone (TCO) from 2015 to 2024. Panel a) displays average TCO; b) shows seasonal cycles; c) depicts drift/trend; d) illustrates ENSO coefficients; and e) presents residual standard deviations. The maps use color gradients from blue to orange, with scales for Dobson units.]FIGURE 8 | (a) Ten-year (2015–2024) average of EPIC original TCO measurements in Dobson units. (b) Similar 10-year average of the MLR seasonal-cycle fit. (c) Ten-year average of trend coefficient B in DU decade−1. (d) Ten-year average MLR ENSO coefficient C in units DU K−1. (e) Ten-year standard deviations of MLR residuals in Dobson units. Hatch marks denote regions where MLR coefficients are not different from zero at the 2σ level.The linear trend term in Figure 8c suggests small increases in TCO in the tropics, with decreases in the extra-tropics of both hemispheres. The decrease in NH and SH TCO during 2015–2024 is consistent with anomalous drops in TCO of a few DU in both hemispheres starting in spring 2020 during the COVID-19 pandemic (Figure 1). Trends in global TCO have been reported in several articles published for the Tropospheric Ozone Assessment Report (TOAR-I and TOAR-II; https://igacproject.org/activities/TOAR/), where trends exhibit large variations in patterns and large differences between using different products. A main result from TOAR-II for the satellite, ground, and aircraft measurements is that TCO has been increasing over the East Asian region for several decades, with numbers varying from +1 to +4 DU decade−1. TOAR-II focused on trends ending in 2019, while in this paper we consider 2015-2025. Most EPIC TCO trends in Figure 8c are not positive, but instead zero to negative and can be attributed to the short EPIC record coupled with effects from the 2-3 DU drops in NH TCO during COVID-19.
The ENSO coefficient in Figure 8d shows that ENSO variability in TCO is largely a tropical signal between the eastern and western Pacific. However, the ENSO signal in Figure 8d is not statistically zero outside the tropics. It is well known that the tropical ENSO affects meteorology in the extra-tropics (Vimont et al., 2003; Sun et al., 2021). The residual standard deviations in Figure 8e shows that the MLR model does well in simulating TCO in the tropics and subtropics with values of ∼2–4 DU (∼10% of background), but it becomes larger in higher latitudes, especially in high northern latitudes where numbers are closer to 5–6 DU (∼15%).
An additional way to evaluate the MLR results is to compare the spatial variability patterns for each model component. To do this, we compute the standard deviation of the reconstructed 10-year daily time series (t = 0–3,653 days) at each location for each term in the regression model, as shown in Figures 9b–e and compare to the standard deviation of the original TCO time series shown in Figure 9. Notably, the panels in Figure 9 have varying color bar scales. Figures 9a, b show the standard deviations for the original data and MLR seasonal cycle fit, respectively. Figures 9a, b show that the largest standard deviations for annual changes in TCO (up to ∼8 DU) occur over landmasses and along storm-track regions just east of the N. American and Asian continents. In comparison, the trend and ENSO terms have smaller standard deviations with trends showing wave structure outside the tropics, and ENSO again is associated mostly with the tropical Pacific region. ENSO standard deviations multiplied by a factor 4 are ∼5 DU, which results in approximate peak-to-peak average change from ENSO.
[image: Five global maps depicting different aspects of EPIC TCO standard deviation from 2015 to 2024, using shades of orange and purple. Panel a shows the original standard deviation, panel b the seasonal fit, panel c the trend fit, panel d the ENSO fit, and panel e the residuals. Each map includes a color bar indicating Dobson units, with panels a, b, and e using a scale up to 8, while panels c and d use a scale up to 2 and 1, respectively.]FIGURE 9 | Calculated temporal standard deviations for (a) original EPIC TCO; (b) MLR seasonal cycle fit; (c) MLR linear trend fit; (d) MLR ENSO fit; (e) MLR residual. All standard deviations are in Dobson units. Figure 9e residuals have the same scaling as those of Figure 9a to better compare MLR error to the original data.The standard deviations for MLR residuals in Figure 9e (same data as plotted in Figure 8e) are smaller than the original data variabilities (Figure 9a) and seasonal-cycle fit (Figure 9b) but are still up to 5 DU or greater in mid-high latitudes. The residuals show us that there are large variabilities present in daily TCO aside from just the seasonal cycles and ENSO forcing. Our further investigation of TCO variability uses the calculated residuals R(t) from the MLR model. The analysis includes both extra-tropical weather systems and the tropical 1–2 month MJO. We provide only a short overview of the mean amplitudes and geographical patterns associated with these forcings by applying bandpass filtering (Stanford and Vardeman, 1994) to the EPIC TCO 10-year record of daily residuals R(t) for 4–10 day and 30–60 day periods (Supplementary Figure S4). A detailed investigation of baroclinic weather systems and the MJO in tropospheric ozone is beyond the scope of our study.
Weather systems in both hemispheres are present year-round in atmospheric temperature, pressure, winds, and trace gases with characteristic oscillation periods of ∼4–10 days and large planetary scales involving east–west zonal wavenumbers of ∼4–10 (Andrews et al., 1987). We have estimated the average peak-to-peak changes in EPIC TCO associated with weather systems by first calculating standard deviation from bandpass filtered data and then scaling by a factor of 4 to approximate peak-to-peak change. Figure 10a shows a map of these changes for EPIC TCO associated with weather systems with 4–10-day periods. Figure 10a shows that TCO variations up to 10 DU occur throughout much of the SH and also over northern America and eastern Asia. The largest anomalies in TCO associated with weather systems have persistent patterns that are associated with natural topography, including the storm-track regions east of the continents of N. America and Asia. The percent changes in Figure 10c show that relative changes in the SH extra-tropical TCO due to weather systems may be up to 40% of the background amounts.
[image: Map panel series showing EPIC TCO transient waves from 2015 to 2024: Panel a) illustrates 4 to 10 day periods using Dobson Units. Panel b) shows 30 to 60 day periods in Dobson Units. Panel c) displays 4 to 10 day periods in percentages. Panel d) represents 30 to 60 day periods in percentages. Maps highlight varying ozone levels with orange and purple shading across latitudes and longitudes.]FIGURE 10 | (a) EPIC transient wave variability (in Dobson units) calculated from daily 5o × 5o residual time series from the 1 January 2015–31 December 2024 MLR fit. The EPIC data were bandpass-filtered with half amplitude filter response at periods of 4 days and 10 days. Shown are the approximate peak-to-peak changes in TCO derived by calculating local standard deviation and multiplying this by 4. (b) Same as (a), but for the 30 d–60 d band. Bottom panels (c) and (d) show the percentage changes (relative to EPIC 10-year average TCO field) for (a) and (b), respectively.Intra-seasonal variability in the tropics is dominated by the 1–2 month MJO, known historically as the 40–50 day MJO (Madden and Julian, 1972; 1971). Madden and Julian (1994) provide a detailed overview of MJO effects on the ocean and atmosphere. The MJO is associated with anomalous deep convection in the tropics driven by ocean–atmosphere feedback coupling with convection cells starting in the Indian Ocean and propagating eastward across the dateline into the eastern Pacific with periods averaging approximately 45 days. The largest MJO signal in meteorological parameters (winds, temperatures, and pressures) occurs during northern winter months; however, this oscillation is present year-round.
Figure 10b shows bandpass-filtered EPIC TCO for the period of 30–60 days to estimate peak-to-peak amplitudes in the tropics and subtropics associated with the MJO. The 1–2-month signals in TCO in Figure 10b are generally tropical compared to patterns associated with weather systems (Figure 10a), and they also have a smaller magnitude of variations of ∼5 DU. At high NH latitudes, in Figure 10b, the signal is up to ∼4 DU. Studies have shown that the MJO impacts dynamical events including blocking in NH high latitudes (Henderson and Maloney, 2018, and references therein), so we cannot rule out that the observed TCO anomalies in high NH latitudes (Figure 10b) are related to MJO. Figure 10d shows associated percentage changes relative to mean background ozone. Large percentage changes that occur in high southern latitudes in Figure 10d are due to small background TCO amounts year-round.
3.3 Evaluation of GEMS and EPIC tropospheric ozone synoptic hourly maps
The 1–2 hourly sampling for EPIC yields, on average, approximately 3–4 and up to 8–10 daytime TCO and total ozone measurements per day at a given location on the Earth’s surface (within local noon ±6 h). The high sampling rate makes EPIC useful for evaluating ozone measurements from geostationary satellite instruments including the current GEMS (Korean instrument centered over east Asia; Kim et al., 2024, and references therein) and TEMPO (NASA/Smithsonian Astrophysical Observatory instrument centered over North America; Zhao et al., 2025, and references therein). We have compared EPIC with both TEMPO and GEMS hourly measurements of TCO. The current TEMPO version 3 total ozone measurement has some remaining issues, including a strong latitudinally varying offset of 10–15 DU; for this reason, we only analyze EPIC with GEMS total ozone and TCO. As with EPIC TCO, the GEMS TCO was derived by subtracting coincident MERRA-2 SCO from GEMS level-2 total column ozone. Both products use the same tropopause based on MERRA-2 meteorology using 2.5 PVU and 380 K surfaces. The GEMS total column ozone was first gridded at 0.1 × 0.1 resolution, and then, MERRA-2 SCO was interpolated and matched in both space and time to generate GEMS TCO.
Figure 11a shows GEMS TCO centered over East Asia on 22 May 2021 at 11:00 local time (top panel) and 15:00 local time (bottom panel). The GEMS TCO exhibits strong horizontal gradients with fine structures and patterns. Figure 11b shows corresponding EPIC TCO (standard product) for the same region and times as GEMS. EPIC has similar qualitative patterns as GEMS TCO in Figure 11a, but many small features seen in GEMS TCO are not present in EPIC TCO due to the coarse spatial resolution of EPIC.
[image: Topographic maps showing tropospheric column ozone (TCO) over a region on 22 May 2021 at 11 LST and 15 LST. Panel (a) shows data from GEMS, panel (b) from EPIC TCO Product, and panel (c) from EPIC TCO HighRes Test. Colors range from blue to red, indicating ozone levels, with a scale from 10 to 70 Dobson Units.]FIGURE 11 | (a) TCO from GEMS (in DU) at 11:00 local standard time (LST) (top panel) and 15:00 LST (lower panel) on 22 May 2021. (b) Same as (a), but for the EPIC TCO standard 1o × 1o product. (c) Same as (a), but for the EPIC TCO high-resolution 0.25o × 0.25o test product.We have tested EPIC TCO at a higher resolution of 0.25o × 0.25o rather than the 1o × 1o of the standard product to better compare it with GEMS TCO. Figure 11c shows that increasing the resolution for EPIC TCO does better than the EPIC standard product for resolving small anomalies. GEMS TCO also detects some small features (especially at 15 LST), which may be due to EPIC having less sensitivity to ozone in the low troposphere. Our analyses show good consistency between GEMS and EPIC TCO and that the current EPIC TCO product may be improved by increasing the resolution from 1o × 1o to 0.25o × 0.25o. We note that the 1o × 1o product has estimated local precision errors of approximately 2.5 DU in daily maps (Kramarova et al., 2021); these errors are larger for the 0.25o × 0.25o product by approximately 4 due to having 16 times as many gridpoints.
4 SUMMARY
EPIC measures total column ozone over the sunlit disk of the Earth every 1–2 h as synoptic data images, providing, on average, approximately 3–4 measurements (up to 8–10 in NH summer) of total column ozone every day at a given fixed surface location. This hourly sampling rate coupled with near-global coverage each day and long decadal record is unique among existing satellite instruments. EPIC level-2 hourly total ozone is combined with MERRA-2 SCO to generate TCO for the time period of June 2015–December 2025. The TCO level-2 data are gridded to 1o × 1o resolution maps with the same 1–2 hourly sampling for analysis. Validation of EPIC TCO was accomplished using TCO from ozonesondes and other satellite measurements (e.g., OMI and OMPS).
Our study provides a characterization of dominant variabilities present in TCO using the 10 years of EPIC observations. We included an MLR model to delineate patterns and amplitudes for these different forcings. The TCO variabilities investigated include seasonal cycles, trends, inter-annual ENSO and IOD, extra-tropical weather systems, and the tropical 1–2 month MJO. We studied these variabilities to both test the quality of the EPIC TCO data and provide new scientific results.
The largest variability in TCO originates from seasonal cycles, where typical annual changes are 20–30 DU and tend to be located over land masses and along oceanic storm-track regions. ENSO largely affects TCO in the tropical Pacific region, with typical anomalies of ∼5–10 DU during either El Nino or La Nina events. Our analysis shows that ENSO variability detected from EPIC TCO engulfs the broad tropical western and eastern Pacific regions, which is in agreement with previous studies. With weather systems, we found typical peak-to-peak TCO variations of ∼10 DU on average in mid-latitudes of both hemispheres. The changes in TCO caused by weather systems have a greater relative impact in the SH, with peak-to-peak variations up to 40% of the mean background ozone. In comparison, the tropical 1–2-month MJO shows that the most variability occurs in the tropics, with peak-to-peak amplitudes of approximately 5–10 DU on average.
Starting in 2020, EPIC TCO shows a drop of 2–3 DU during spring–summer months throughout the NH, which appears to have continued seasonally through 2023, with TCO in spring–summer 2024 being back to pre-COVID levels. Although only a 2–3 DU drop, this anomaly affects trend calculations in the NH for TCO data that include these years. Our MLR analysis of EPIC TCO shows a corresponding slight decrease in NH extra-tropical TCO for 2015–2024; however, the 10-year record may be too short for meaningful trends.
The EPIC total ozone and TCO with a 1–2 h sampling rate is also useful for evaluating similar data from geostationary satellites. We have compared EPIC hourly TCO with geostationary GEMS TCO (centered over East Asia). The GEMS TCO shows sub-city resolution details and evidence of small propagating ozone plumes. The EPIC TCO hourly product is gridded at 1o × 1o and compares well with GEMS TCO for broad-scale, but not urban-scale features. We tested changing the EPIC TCO resolution to 0.25o × 0.25o, which is near the resolution limit for EPIC ozone measurements (∼18 km × 18 km resolution for nadir satellite view). The higher-resolution EPIC TCO can capture smaller scale features seen in GEMS TCO that the coarser gridded EPIC TCO cannot. Going forward, we will continue to develop and optimize the high resolution measurements from EPIC.
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