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Abstract

We use a regional scale photochemical transport model to investigate the surface
concentrations and column integrated amounts of ozone (03) and nitrogen dioxide
(NO2) during a pollution event that occurred in the St. Louis metropolitan region in
2012. These trace gases will be two of the primary constituents that will be
measured by TEMPO (Tropospheric Emissions: Monitoring of Pollution), an
instrument on a geostationary platform, which will result in a dataset that has
hourly temporal resolution during the daytime and ~4 km spatial resolution.
Although air quality managers are most concerned with surface concentrations,
satellite measurements provide a quantity that reflects a column amount, which
may or may not be directly relatable to what is measured at the surface. Our model
results provide reasonably good agreement with observed surface O3
concentrations (correlation coefficients ranging from 0.69 to 0.87 at each of the nine
monitoring stations in the St. Louis region), which is the only trace gas dataset that
can be used for verification. The model shows that a plume of O3 extends downwind
from St. Louis and contains an integrated amount of ozone of ~ 16 Dobson Units
(DU; 1 DU = 2.69 x 1016 molecules cm2), an amount lower than what was observed
during two massive pollution episodes in the 1980s. Based on the smaller isolatable
emissions coming from St. Louis, this quantity is not unreasonable, but may also
reflect the reduction of photochemical ozone production due to the implementation
of emission controls that have gone into effect since the 1980s.
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46 [. INTRODUCTION
47
48 More than three decades have passed since Fishman et al. (1987) showed

49  that photochemically generated ozone air pollution events could be inferred using
50  solar backscattered ultraviolet radiation measurements from satellite sensors. That
51 study identified a synoptic-scale ozone pollution event that evolved over several

52  days and illustrated how enhanced surface ozone observations were embedded

53  within total ozone measurements made by the TOMS (Total Ozone Mapping

54  Spectrometer) instrument. In subsequent studies, Fishman et al. (1990; 2003)

55 provided a methodology that was able to separate tropospheric ozone from the total
56  ozone column using independent concurrent measurements from other instruments
57  such as SAGE (Stratospheric Aerosol Gas Experiment) and SBUV (Solar Backscatter
58 Ultraviolet), which were used to construct stratospheric ozone profiles. These

59 stratospheric ozone profiles were then subtracted from TOMS total ozone amounts
60 to produce a quantity known as tropospheric ozone residual (TOR). Similarly, the
61 use of concurrent total ozone quantities from OMI (Ozone Monitoring Instrument)
62  and stratospheric ozone profiles derived from the MLS (Microwave Limb Scanning)
63 instruments aboard the Aura satellite launched in 2004 have provided an

64 impressive dataset, defined as tropospheric column ozone (TCO; Ziemke et al. 1998;
65 2006; Leveltetal,, 2017). Both the TOR and TCO have provided valuable insight

66 into the global distribution of the amount of ozone in the troposphere, and how

67  these distributions relate to the use of fossil fuel in the northern hemisphere as well
68 as widespread biomass burning in the tropics.

69 With respect to their use for air pollution studies, measurements from OMI,
70  multiple versions of the GOME (Global Ozone Monitoring Experiment), and the

71  SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric

72  CHartographY) instruments have provided nitrogen dioxide (NOz) column

73  measurements that clearly show the distribution of the emissions on scales of only a
74  few kilometers (e.g., Russell et al.,, 2012; Duncan et al,, 2016). Using measurements
75  of high-resolution UV/Vis spectra to which the technique of differential optical

76  absorption spectroscopy (DOAS) is applied (Platt and Stutz, 2008), numerous
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77  studies have shown that well-defined spatial emission patterns of NO2 within urban
78  areas can be identified. These analyses have been used to identify weekday-vs.-

79  weekend differences in major cities, and, perhaps most significantly, long-term

80 trends in NO2 emissions, which highlight the impact of regulations imposed on them
81  since the early 2000s (Duncan et al,, 2016). Figure 1 (from Lu etal.,, 2015) shows
82  how the relationships between NO2z emissions can be inferred from satellite-derived
83  measurements.

84 Despite the success of using satellite measurements for deriving insight into
85  NOg, the challenge remains in defining a measureable relationship between what is
86  observed from satellites, which is a column measurement, and what is observed at
87  the surface; which, from an air quality manager’s perspective, is the quantity that
88  determines whether or not a region meets National Ambient Air Quality Standards
89  (NAAQS; https://www.epa.gov/criteria-air-pollutants/naaqs-table) criteria and

90 thus, whether or not a specific region is in compliance. This study will focus on the
91 relationship between ozone observed at the surface and how integrated quantities
92  obtained from satellite measurements (which is what satellites observe) relate to

93 each other.
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104  Figure 1. Comparison of satellite-derived and bottoms-up emissions estimates
105 (from Luetal., 2015)
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II Methodology: Model Description and Synoptic Situation

For analytical purposes, we use a model that can simulate the trace gases of
interest at the same temporal and spatial resolution that would be observed from
space by TEMPO. We used the Comprehensive Air quality Model with eXtensions
(CAMx) to calculate the trace gas distributions discussed in this study. CAMx is an
Eulerian regional photochemical dispersion model used to examine air pollution
over many different scales, ranging from neighborhoods to continents. The
meteorological input for the model calculations described below, were taken from
simulations from the WRF (Weather Research and Forecasting) model
(http://www.wrf-model.org/index.php) which was run with a 4-km resolution over
our domain of interest, then embedded in a domain with a 12-km resolution from
34°N to 44°N in the north-south direction and from 86°W to 96°W in the east-west
direction; a region that includes all of Missouri, Illinois and Indiana and adjacent
areas north and south. The model was run from 20 June through 6 July and of that
output, the last five days of those calculations were used as our case study. The
most significant day of interest was July 2, 2012, where the highest concentrations
of ozone were observed during that summer. Furthermore, 2012 was the most
polluted summer of the decade between 2006 and 2016 in St. Louis.

During this study, the temperature and wind fields generated by WRF were
consistent with what is often present for that time of year, and weak southwesterly
winds prevailed in the St. Louis region. Throughout the extended 10-day period
from 28 June through 7 July, temperatures consistently >37.8°C (100°F) were
measured daily and record high temperatures were recorded for eight of those ten
days in St. Louis. On a larger scale, the Midwest experienced considerably drier than
average conditions; nationally, the July average temperature was 25.3°C (77.6 °F),

the warmest July and warmest month on record dating back to 1895.
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Figure 2 (a). Synoptic weather map showing July 2,2012 at 1800 UTC (1:00 p.m
CDT) surface analysis. (b) AQI Ozone map for July 2, 2012; enlargement of the St.
Louis region is inserted in the lower portion of this panel. (c) Ozone concentrations
recorded at the St. Louis Planetarium between June 20 and July 7, 2012. Also shown
on this plot is the 5-day period when the CAMx model was run for this study. The
highest O3 concentration measured during the entire summer occurred on July 2nd,
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The surface map for 2 July at 1800Z (1300 CDT) is shown in Figure 2a. Most
of the region in the eastern U.S. is dominated by high pressure with a weak High
identified in the Gulf of Mexico off the coast of Florida. A weak frontal system is
seen throughout the northern states, resulting in light, generally southwesterly,
winds dominating the weather pattern in the St. Louis region. As a result, with this
typical summertime Bermuda High dominating much of the North American
continent, precipitation formation was also inhibited and many afternoon
thunderstorms that are often triggered by afternoon heating from the sun did not
develop.

The occurrence of high ozone formation will likely occur when light winds
and high temperatures are present with sufficiently high concentrations of NOx. A
map of the EPA Air Quality Index (AQI) for ozone is shown in Figure 2b. Although
the eastern U.S. is dominated by a situation conducive to the photochemical
generation of high amounts of ozone, most of the region is characterized by only
moderately high ozone concentrations. A few pockets in the AQI “orange” range
(unhealthy for sensitive groups; 71-85 ppb) are present and a plume of elevated
ozone is seen originating over the St. Louis urban area and transported by the
prevailing southwesterly winds (insert of Fig. 2b).

From the end of June through much of July, the St. Louis Metropolitan Area
experienced high ozone concentrations throughout the region. Figure 2c shows the
ozone concentration between 20 June and 7 July 2012. High O3 concentrations were
also measured for much of that period, as shown in Figure 2c. The measurements
depicted in this plot are taken from the St. Louis Ozone Garden (Fishman et al,,
2014), located in Forest Park, close to the center of the city. The AQS monitoring
data has only a 1-hour resolution whereas the monitor at this site records data
every 15 minutes. Also shown in this figure is the 5-day time period of the CAMx
simulation and the concentration measured on July 214, the day when the site

measured its highest concentration of the summer at 126 ppb.
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I1I. Results

From an air quality perspective, the most widely available dataset are the
surface ozone measurements and we compare our model results with these
observations. Overall, there is reasonable agreement between the model-derived
results and the observations, as shown in Figure 3 which compares the average
concentrations over the entire region with results from the 5-day model run. The
solid lines are average concentrations taken from measurements nine stations in the
greater St. Louis region. The model calculations (dashed lines) capture the daily
maximum concentrations reasonably well (within 5-10 ppb) for each of the days
simulated except on 4 July, where the calculated maximum value is 88 ppb,
compared an observed concentration of 60 ppb.

Agreement between calculations and observations at night are not as good
where model-derived surface concentrations are higher than what is observed.
However, since this study is primarily concerned with comparing integrated
daytime column amounts (which is when satellite measurements will be made) to
surface concentrations, it is most important that the daytime model simulations are
in reasonable agreement.

A map of correlation coefficients of all the stations that made measurements
during these 5 days and the calculated surface concentrations is shown in Figure 4.
These correlation coefficients are based on hourly observations during daylight
hours and the calculated coincident hourly values at each station; they range

between 0.69 and 0.87.
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232 Figure 3. Solid line depicts the average O3 concentrations from the St. Louis
233 AQS stations compared with the model-derived O3 concentrations (dashed line)
234  during the period July 1-5, 2012
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247  Figure 4. Correlation coefficients between model-calculated hourly values and observed
248  surface concentrations at the nine operational monitoring sites in the St. Louis region,
249  July 1-5, 2012. These coefficients were calculated using simulated and observed hourly
250  concentrations during daylight hours: 1000 CDT to 1800 CDT. Lines indicate county
251  boundaries within the greater St. Louis region.

252
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253 Figure 5 depicts the distribution of ozone at the surface during the day (July
254  2) at four different times, as photochemical generation of ozone takes place. Low
255  concentrations are visible in the morning (0600 LT), which are generally in the 35-
256 40 ppb range near the city and surrounding environs. High concentrations are

257  shown in the middle of the afternoon (1500 LT), with the highest approaching 90
258  ppb, consistent with the depiction of the St. Louis plume shown in the inset in Fig. 4b
259  where “orange” AQI values denote a concentration of 71-85 ppb. These temporal
260 and spatial patterns are also consistent with the general observation that the

261  highest O3 concentrations are found downwind of the urban area, and the surface
262  plume identified in Figure 2b is well simulated by the model. Also depicted on these
263  panels are three stars, which indicate representative locations upwind of the city,

264  center of the city, and downwind of the city.

265
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280  Figure 5. Evolution of the model-derived distribution of O3 at the surface on July 2,
281  2012. The three stars show the locations of “upwind,” “city,” and “downwind”

282  locations that will be discussed in more detail in the text and on subsequent figures.
283
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284 Figure 6 compares model-derived diurnal surface concentrations at the

285  starred locations shown in Figure 5. Over the city, highest concentrations are found
286  early afternoon (1200-1400 LT), whereas at the downwind location, the highest
287  concentrations are found later in the afternoon (after 1300), peaking in the early
288 evening. Upwind concentrations do not peak as high as those found either over or
289  downwind of the city during most hours. This is consistent with elevated O3 seen at
290  the surface, which is most likely most likely generated from the St. Louis’s urban
291  emissions.
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304  Figure 6. The model-derived diurnal concentrations of surface ozone at the upwind,
305 city, and downwind locations shown in Figure 5.
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307 Figure 7 shows model-derived ozone profiles in the lowest 10 km of the

308 model at the three locations shown in Figure 5. Throughout the course of the day,
309 ozone builds up in the lowest layers of the model, to ~3 km, and is transported with
310 prevailing light southwesterly winds. As a result of this transport, we find highest
311 integrated ozone amounts ozone downwind of the city, later in the day, relative to
312  the integrated amount either over, or upwind of the city. Note that there is some
313  variability in the ozone profiles above an altitude of 4 km, but since the air is less

314 than half as dense in the middle and upper troposphere, the integrated amount of
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ozone between 4 and 10 km contributes only a relatively small fraction compared to

amount integrated below 4 km.
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Figure 7. Model-derived profiles of O3 concentration from the surface to 12 km for
the three locations shown in Figure 5.

Of particular interest in this modeling study, are the depictions shown in
Figure 8, which illustrates how the integrated amount of tropospheric ozone (0-10
km) varies regionally over the course of a day (i.e., July 2). Before the model
photochemistry turns on with the rising sun, a very small gradient is found at 0600
LT. As the daytime photochemistry develops, a well-defined urban plume is found
downwind of the city. This plume-like structure is more identifiable than what was
calculated for the surface ozone concentrations shown in Figure 5. Within the
plume, integrated values as high as 4.2 x 1017 mol. cm2 are at 1500 LT. Integrated
column amounts are more commonly measured in Dobson Units (DU), where 1 DU =
2.69 x 1016 molecules cm2. Thus, the plume emanating from St. Louis is ~16 DU,
which is smaller than the TOMS/SBUV residual described in previous studies
(Fishman et al. (1987; 2003). Explanations for these differences are discussed in the

next section.
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356  Figure 8. The column integrated amount of ozone generated by the model for four
357 different times of the day on July 2, 2012.

358

359

360 IV Discussion

361  4a.Previous studies comparing satellite TOR with in situ measurements

362 Identification of enhanced total ozone column amounts were first published
363 by Fishman et al. (1986) at tropical latitudes, where the enhancements were

364  associated with widespread biomass burning in the Brazilian cerrado and

365 subsequently, at middle latitudes (Fishman et al,, 1987). The enhancements found
366  within the TOMS elevated integrated amounts over Brazil were consistent with the
367 insitu aircraft profiles measured in a 1980 NCAR field campaign (Crutzen et al.,
368 1985). Subsequent measurements from the TRACE-A field campaign (Fishman et
369 al, 1996a;b) included in situ aircraft and ozonesonde measurements, aircraft O3
370  profiles from the UV-DIAL system, and satellite measurements, which confirmed
371 that enhancements in the TOMS total ozone signal were a result of widespread

372  biomass burning over Brazil and southern Africa. Because of low-level transport
373  from the east out of southern Africa, where widespread burning was occurring and

374  the upper-level transport from the west where ozone generated from burning over
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Brazil had been carried to higher altitudes by convection and then transported in
westerlies, highest TOR amounts were found over the south Atlantic Ocean, where
these two plumes cross (Fishman et al., 1996a).

In terms of direct comparisons between TOR calculations and direct
observations, we compared the satellite data with integrated tropospheric O3
amounts obtained by the UV-DIAL system as the NASA DC-8 made several transit
flights and found excellent agreement between the two datasets. Throughout the
TRACE-A mission, there was relatively good agreement between the two methods
that calculated integrated tropospheric ozone quantities except when heavy
amounts of aerosols were present from the smoke emanating from vegetation
burning (Fishman et al, 1996b).

When the east coast of the U.S. is dominated by a vast region of high pressure
(when the “Bermuda High” is firmly established) resulting in conditions of
widespread air stagnation (Korshover and Angell, 1982), numerous monitoring
stations measure O3 concentrations well above NAAQS standards. Analyses from
Fishman at al. (1987) show that the persistent nature of such meteorological
patterns could be defined as a synoptic scale event once AQS data were screened to
remove the impact of urban-scale pollution generation. The top two panels in
Figure 9 are taken from this study, and illustrate how this synoptic-scale ozone
pollution episode can be identified within the distribution of total ozone
measurements obtained from TOMS instrument aboard the Nimbus 7 satellite. The
top panel depicts a vast area of the southeastern U.S., where daily maximum values
exceeded 100 ppb at the surface. To be included in this analysis, all stations used in
the analysis had been identified as not being directly downwind of an urban area.
This large area of elevated ozone at the surface ozone grew over a 4-day period, as
an intense anticyclone positioned itself over the eastern U.S. (Fishman and Balok,
1999).

Ground level ozone is the NAAQS pollutant most frequently in violation of the
standard (NAS, 1991; https://www.uschamber.com/issue-brief/ozone-national-

ambient-air-quality-standards#ozone problems), but there have been only a couple

of studies that relate TOR or TCO satellite-derived measurements to in situ O3
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concentrations. For validation, TOR and TCO have been compared with ozonesonde
measurements (e.g., Fishman et al,, 1990; Fishman and Balok, 1999; Ziemke et al.,
2006), and have been shown to be in good agreement on both a climatological and
seasonal basis. Fishman et al. (2010) compared monthly average surface O3 over
central Indiana with TOR over a 5-year period and found a statistically significant
positive correlation. Fishman et al. (1990) compared monthly average 500-mb O3
concentrations with TOR at several long-term ozonesonde sites and likewise found a
strong positive correlation. Creilson et al. (2003) examined the seasonality of
average TOR distributions with comparable integrated ozone amounts at five
ozonesonde sites and noted excellent agreement with both the seasonality and the
longitudinal gradient at northern middle latitudes.

During the 1980 pollution episode depicted in Fig. 9, UV-DIAL aircraft
measurements from the PEPE/NEROS (Persistent Elevated Pollution
Episode/Northeast Regional Oxidant Study) field campaign provided a vertical
structure of ozone over the eastern U.S., which was then integrated to produce a
tropospheric column quantity consistent with the horizontal gradient calculated in
the TOR amounts. During the episode shown in Figure 9, continuous ozone profile
measurements using the UV-DIAL system (Browell et al., 1985) made
measurements on August 7, 1980 (the day before the depictions shown in Figure 9)
in Pennsylvania and Ohio, as part of PEPE/NEROS. In terms of high ozone
concentrations, this region was not as polluted as the pollution in the southeast on
the following day (shown in the top panel), but concentrations as high as 110 ppb
extended for a distance of more than 300 km to vertical depth of more than 1000 m.
Concentrations of 90 ppb reached an altitude as high as 1.5 km along the flight path
(Fishman et al,, 1987). When integrated along the flight path, the integrated ozone
column amounts ranged between 15 and 20 DU (4.0 x 1017 to 5.4 x 1017 mol. cm2).
Because of the altitude limitation of the airplane during this time, and the fact that
the UV-DIAL system was considerably less developed, measurements above this
altitude likely would have found elevated O3 concentrations resulting in integrated

amounts in the troposphere being considerably greater.
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The bottom panel is the distribution of satellite-derived tropospheric ozone
derived from the TOR technique described in Fishman et al. (2003), a modification
of the initial TOR dataset described in Fishman et al. (1990). The spatial resolution
of the satellite measurements (TOMS and SBUV) used to derive this distribution, is
approximately 100 km. Since these instruments were aboard the polar-orbiting
Nimbus-7 satellite, only one measurement per day is available. Despite this coarse
spatial resolution, the satellite measurements were able to capture a feature of
elevated surface ozone where the spatial extent of this specific episode was
approximately several hundred km.

A second massive air pollution episode (Figure 10) enveloped much of the
eastern U.S. occurred during the period July 2-13, 1988 (Fishman and Balok, 1999;
Fishman et al,, 2003). This case study (Schlichtel and Husar, 1998, private
communication) was able to capture one of the most widespread ozone pollution
episodes ever observed, and stimulated studies of regional ozone pollution through
the Ozone Assessment Transport Group (OTAG; Parker and Blodgett, 1999). As
seen from the surface analysis, vast areas of the eastern U.S. exhibited surface
concentration >90 ppb and was later addressed in a reassessment of the surface
ozone issue (NAS, 1991). This study identified the inherent need to implement
nitrogen oxide emissions, where previously the emphasis on emission controls

focused on the reduction of the release volatile organic compounds.
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478  Figure 9. Historical perspective of observing ozone pollution episode from surface
479  analysis and satellite measurements. The top two panels are from Fishman et al.
480  (1987) showing the surface analysis of a synoptic-scale ozone pollution episode and
481  the total ozone distribution from TOMS over the southeastern U.S. The surface

482  analysis in the top panel is superimposed on the TOMS measurements in the middle
483  panel. The bottom panel is from Fishman et al. (2003) and shows the calculated
484  TOR distribution from TOMS and SBUV measurements for 8 August 1980. The

485  unusually low TOR values coincide with the presence of Hurricane Allen, a Category
486 5 storm that was moving slowly in the Gulf of Mexico on this day before making

487  landfall in east Texas on 11 August. We speculate that clean tropical air was feeding
488 into the storm resulting in low tropospheric ozone concentrations being present as
489  air spiraled into the storm’s center.

490
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Average Tropospheric Ozone Average 0, Daily Maximum
Residual: 2-13 July 1988 ~ bu . OTAG Episode: 2-13 July 1988

Figure 10 (left) Distribution of TOR during 2-13 July 1988 and the average daily
ozone aximum for the same period (right). From Fishman et al. (2003) and
Schlichtel and Husar (personal communication, 1998).

4b. Relevance of this modeling study to future satellite measurements

Within the next few years, TEMPO will be launched in geostationary orbit. In
doing so, TEMPO, like OMI, GOME, and SCIAMACHY, will also derive its information
via the application of a DOAS retrieval methodology to solar backscattered spectra
in order to make measurements with hourly temporal resolution during the
daytime. Furthermore, because TEMPO sits over one location and gathers
information by “staring” for long periods of time over the entire United States (with
parts of Mexico, Central America, and Canada also in its field of regard), it will be
able to refine scales of only a few kilometers. However, despite the greatly
enhanced spatial and temporal capability of TEMPO, no study has been conducted to
relate these measurements to what might be present at the surface. The purpose of
the set of results described in the previous section is to provide an analysis of a
regional photochemical-transport model simulation to study the relationship
between the integrated quantities that will be measured by TEMPO to the surface

concentrations calculated at the surface for both ozone and NOx2.
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523 4c. Model results post-2005 NO2 emission standards

524 Because of the success of the implementation of emission controls, detection
525 ofregional-scale outbreaks of an ozone episode may prove more challenging now
526  than when the NAAQS standards were first developed in the 1970s. We have

527  analyzed all the available St. Louis AQS ozone measurements dating back to 1980
528 and calculated number of 8-hour daily maximum through 2016. When ozone

529  standards were first established, they were based on concentrations over a 1-hr
530 period then redefined in 1999 using an 8-hr standard after physiological research
531 revealed longer exposure to high ozone at elevated concentrations was more

532  damaging to human health than a relatively shorter exposure time after of 1 hour,
533  even at higher concentrations (125 ppb), which was the original NAAQS standard.
534  Over the years, approximately 10 monitors have operated in the greater St. Louis
535 region, including both Missouri and Illinois. When analyzed in this manner, the
536  years 1983 and 1988 produced more than 200 exceedances. In 1980, our analysis
537  yielded more than 150 exceedances, but only five monitoring stations were

538 operating in the first year of the St. Louis network. On a national level, EPA (2004)
539  finds 1980, 1983 and 1988 as the years of highest concentration prior to the

540 implementation of stricter NO2 emission controls.

541 Over the last decade of observations, the summer of 2012 was the most
542  polluted year in St. Louis with exceedances reaching 75. There is a strong

543  correlation between summertime temperatures and ozone; 2012 was the hottest
544  year on record in St. Louis since since routine pollution monitoring began. Thus,
545  despite the record heat, U.S. regional emission controls (especially those for NO2
546 implemented in 2005) suggest that ozone pollution has been greatly reduced (see
547 Duncanetal, 2016).

548

549  4d. Calculation of surface and integrated nitrogen dioxide

550 The atmospheric residence time of NO2 nitrogen dioxide is very short relative
551  to other pollutants and goes through rapid conversion to nitric (NO) through
552  photolysis. However, because of the ubiquitous presence of ozone throughout the

553  troposphere, the NO generated from NO2 photolysis reacts rapidly with O3 to put
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NO2 back into the system. These rapid interconversion reactions between NO, NO2
and Os are often referred to as the photostationary steady state (Calvert, 1976).
Figure 11a shows the calculated surface NO2 concentrations at the three locations
identified in Figure 5. Many of these concentrations are below the detection limit of
routinely operating instruments, which have a detection lower limit of 1 ppb.

The integrated amount of NOz over the period of the model run is shown in
Figure 11b for each of the three locations in Figure 5. The highest NOz integrals are
generally found over the city center. There are a few instances when the values
downwind on a specific day exceed the amount over the city. The day-to-day
variability is dependent on a number of factors, including photochemistry,
transport, and the daily pattern of the NOx (primarily NO) emissions that increase
considerably due to the varying nature of vehicular emissions, which correlate
highly with rush-hour traffic. The concentrations at the upwind location are always
lower than what is calculated over the city or downwind of it, suggesting that the St.
Louis metropolitan area is the primary reason for the generation of surface O3 and
the O3 formation downwind.

Background (i.e., upwind) integrated NOz amounts are calculated to be ~0.25
x 1015 mol. cm2, whereas urban values are generally 5-10 times larger and can
approach 2.5 x 1015 mol. cm 2. Such amounts are well above the threshold level for
detection of NO2 column amounts, but are somewhat near the low end of values
measured over other urban areas (Cede et al., 2006), which is not surprising since
most of those measurement were obtained before the implementation of the 2005
emission controls.

Using a reasonable simulation of a 5-day time period for O3, when elevated
surface ozone concentrations above the NAAQS standard were present, the model
calculations in this study show the integrated column amounts of ozone to be
enhanced by as much as 20%. On the other hand, the model calculates a
considerably larger spatial variability for NO2 column amounts; urban values are as

much as ten times the amount calculated for locations upwind of the city.

Final revision 19 October 3, 2017

d0i:10.20944/preprints201708.0020.v3


http://dx.doi.org/10.20944/preprints201708.0020.v3

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 October 2017

585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

601
602
603
604
605

606
607
608
609
610
611
612
613
614
615

Welsh and Fishman: Identification of Ozone Pollution Episodes from Satellite Measurements

— Upwind
30 - City )
~— Downwind - |
25 i
!
Ui,
i \
R '
a !
S (Vi1 July 2 July 3 Julya
215} | . I |
\ i L n '
1 3] i ] '
104\ ! '
3 I
[
\
5
0
N i w? w° w? o®
2.5 lels
— Downwind
b —  Upwind
2.0 —— Central(City)

July 4

| =
v

-
o

no2 column (molecules/cm?2)

=
[

0.0

o o & & &

o N N S N

Figure 11(a) Model-derived surface NOz concentrations for the period July 1-5,
2012. The three curves show the values at the three locations shown in Figure 6. (b)
Model-derived integrated NO2 concentrations for the period July 1-5, 2012. The
three curves show the values at the three locations shown in Figure 5.

These calculations are consistent with the early findings of Noxon (1979),
who measured tropospheric column amount as low as 3 x 1014 mol. cm-2 in the
mountains of Colorado, and more than 5 x 1015 mol. cm2 when the Denver plume
passed over his ground-based spectrometer. Our model-derived calculations show
that total column amounts over and downwind of the St. Louis metropolitan area
are generally close to 2 x 1015 mol. cm2, which are approximately five times larger
than the amount calculated upwind. These regional tropospheric enhancements are
readily identifiable and have been reported in the literature on numerous occasions

(e.g., Lamsal et al.,, 2008; 2014).
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V. Summary

This model study focused on analyzing the three-dimensional structure of
ozone generated during a pollution event in St. Louis in 2012. We calculated a
regional enhancement of ~30 ppb, in which many exceedances of the NAAQS O3
standard occurred. Concentrations maximize at ~90 ppb whereas the background
daytime concentrations measure approximately 60 ppb; these concentrations are
consistent with the analyses shown in Fishman et al. (2010; 2014), which showed
that summer summertime daytime O3 concentrations average between 48 and 60
ppb at latitudes representative of St. Louis. These ozone-plume enhancements are
consistent with data at the monitoring network in the St. Louis and correlation
coefficients between the observed and model concentrations range from 0.69 to
0.87 at each of the nine monitoring sites. The integrated amount of O3 in this
pollution plume is calculated to be ~16 DU and primarily confined to the lowest 3
km of the model’s vertical domain. Compared to areas within the computational
domain outside the plume, this enhancement corresponds to an increase of ~0.6 x
1017 mol. cm™?, or ~2-3 DU.

As a background to this study, we showed that widespread synoptic-scale
pollution episodes covered the eastern U.S. in the 1980s, and identified two specific
synoptic-scale episodes (hundreds of km) episodes in 1980 and 1988. Examination
of aircraft measurements from the UV-DIAL system aboard a NASA research aircraft
taking measurements in the PEPE/NEROS field study found enhanced ozone
concentrations >110 ppb over a domain that stretched ~300 km up to an altitude
higher than 1 km (Fishman et al., 1987). Such an episode generates an enriched air
mass of ozone that is as high as 60 DU, which is more than 20 DU above the
background integrated ozone amounts. Furthermore this episode is observed on a
scale of more than several hundred km. However, through the implementation of
emission controls over the past several decades, the presence of air pollution
episodes on this large of a spatial scale have been virtually eliminated. In this
particular study of St. Louis, the plume of elevated ozone extends marginally more
than 200 km before it runs off the computational domain and is considerably

smaller in scale that those identified in 1980 and 1988.
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Returning to the AQI depiction shown for July 2, 2012, in Figure 2b, virtually
no “red” areas (03 > 85 ppb) are found in the eastern U.S. A qualitative analysis of
the Airnow archive (dating back to 2012) does not show the presence of vast areas
of “unhealthy” air, where O3 > 86 ppb. On the contrary, Figures 9 and 10, show wide
areas where concentrations of more than 90 ppb are present. Although it is difficult
to provide a definitive quantitative estimate comparing pollution episodes identified
in 1980 and 1988 with the modeling study presented here, it is clear that the
magnitude and spatial extent of the situation modeled in this study are considerably
less than what was observed then. The conclusion we draw from our model
calculations and the qualitative analysis of ozone pollution episodes from 2012
onwards is that there has been a significant reduction in ozone pollution in the past
decade compared with the 1980s. Despite this being a positive accomplishment for
air quality managers, it points to capability hurdles in observing present-day and
future ozone pollution events once TEMPO is launched, presenting a greater
challenge now than if the satellite had been launched in the 1980s.

For NOz, the model calculations show that concentrations are highest over
the city, consistent with other analyses of satellite measurements (e.g., Noxon, 1978;
Cede etal., 2006; Duncan et al.,, 2016). The integrated gradients calculated by the
model show spatial gradients where values generally differ by a factor of 4 to 5,
consistent with other observations from satellites and thus should be readily
observable from space. Lastly, Fishman et al. (2014) identified the paradoxical
analysis that ozone generated from pollution episodes is decreasing in St. Louis,
while background concentrations are increasing. This phenomenon is likely due to
long-range transport from across the Pacific (Cooper et al., 2017). Such a finding
similarly suggests that episodes resulting in a violation of the NAAQS 03 standard
are likely smaller in magnitude when contrasted against background O3
concentrations, and therefore more challenging to identify from future TEMPO
measurements. Lastly, observing NOz in the troposphere from space is considerably
less challenging over urban areas since the contribution from urban areas is several
times larger than the contribution from NOz2 in the stratosphere. Alternatively,

observing the O3 enhancement simulated here is considerably more challenging
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since the overlying ozone burden of O3 in the stratosphere is generally ten times

greater than the integrated amount generated during an air pollution episode.
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