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[1] An instrumented aircraft was used to study anthropogenic emissions and subsequent
ozone and reactive nitrogen photochemistry in the continental boundary layer downwind
of Houston, Texas. Measurements of ozone, carbon monoxide, NO,, and NO,
oxidation products were conducted from the NOAA WP-3 aircraft during the 2006 Texas
Air Quality Study under a variety of meteorological conditions. Sixty-five crosswind
transects of plumes from Houston urban and industrial areas performed on 10 daytime
flights from 13 September to 6 October 2006 are examined. Coincident measurements of
NOy and its oxidation products show that NO, was oxidized predominately to nitric acid
and peroxy acyl nitrates on time scales of a few hours. The observed relationships
between O; and NOy oxidation products are affected by both photochemistry and mixing
of different air masses. On four flights, background pollutant mixing ratios were constant
and CO to NOy enhancement ratios in downwind plume transects remained at the
emission ratio. The enhancement ratio of O; to NO, oxidation products was also nearly
constant and could be used to derive ozone production efficiency (OPE) in plumes
downwind from the Houston area. On the other flights, variable mixing of regionally
polluted background air with plumes caused CO to NOy and O3 to NO, — NO,
enhancement ratios to increase as plumes were transported. In such cases, enhancement
ratios do not solely reflect plume processing, and OPE could not be determined. The OPE
averages 5.9 + 1.2 in coalesced plumes from urban and petrochemical industrial sources in

Houston, with higher values in isolated plumes downwind from petrochemical

facilities located along the Houston ship channel.
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1. Introduction

[2] NOL(=NO + NO,) abundance affects ozone (O3)
formation [Liu et al., 1987], and the relationship between
O; and its NO, precursors has been examined for over
20 years. Understanding the dependence of O3 upon NOy
and the fate of NO, and its oxidation products is necessary
to accurately determine the factors that control O; pollution.
The number of O3 molecules formed for each NO, molecule
emitted or oxidized is often called the ozone production
efficiency (OPE), and it is valuable for assessing the
photochemistry responsible for Oz production [Trainer
et al., 1993]. Effective O3 control strategies based on NOy
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emission reductions must account for variations in OPE,
which depend upon location, NOy source strength [Ryerson
et al., 2001], and coemission of volatile organic compounds
(VOC) that are O5 precursors [Ryerson et al., 2003].

[3] Os is often highly correlated with the products of NO,
oxidation [Trainer et al., 1993], whereupon an observation-
ally based estimate of OPE can be directly obtained from
the observed ratio of O3 to the products of NO, oxidation.
This estimate represents the net Oz production and NOy
oxidation in a sampled air mass integrated over the time
from emission until measurement. However, NO, oxidation
products and O3 can be removed from the atmosphere at
different rates so that their relationship also reflects physical
removal processes and is not solely determined by photo-
chemistry [Trainer et al., 1993, 2000]. Nitric acid (HNO3),
which is often the most abundant product of NO, oxidation,
can be rapidly removed from the atmosphere by dry and wet
deposition [Hanson and Lindberg, 1991; Munger et al.,
1998; Neuman et al., 2004]. When NOy oxidation products
are lost from the atmosphere more rapidly than O;, the ob-
served ratio of Oz to NO, oxidation products overestimates
the number of Os; molecules produced from each NO,
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molecule oxidized [Trainer et al., 1993; Sillman et al.,
1998]. Thus, determinations of OPE from observed ratios
of O3 to NO, oxidation products have been qualified with
the caveat that any significant removal of NO, oxidation
products from the atmosphere would increase the ratio and
give inaccurate results [7rainer et al., 1993, 2000]. For
sources that coemit CO and NOy, such as urban areas, OPE
also can be determined from the measured ratio of O3 to
carbon monoxide (CO) and the inventoried or measured CO
to NO, emission ratios. This determination is independent
of HNO; removal. OPE determined from the ratio of O3 to
NOy oxidation products can be 2 to 5 times higher than OPE
determined using O; to CO ratios [Hirsch et al., 1996;
Trainer et al., 2000], suggesting that bias from differential
removal was substantial.

[4] Large emissions of NO, from power plants and VOC
and NO, from mobile sources and petrochemical industrial
facilities in the Houston area produce some of the highest
O; mixing ratios observed in the United States (http:/www.
epa.gov/air/airtrends/2008). Consequently, this region has
been studied extensively with the goal of developing ef-
fective O3 mitigation strategies. Measurements from aircraft
and ground sites during the Texas 2000 Air Quality Study
showed that O; formation rates and efficiencies were very
high in plumes from petrochemical industrial sources in this
region [Ryerson et al., 2003; Daum et al., 2003; Berkowitz
et al., 2004; Kleinman et al., 2005]. The rates and pathways
of NO, oxidation were also examined during the Texas
2000 study, showing differences in reactive nitrogen pro-
cessing in isolated plumes from different anthropogenic
source types [Neuman et al., 2002] and high HNO; loss
rates in power plant plumes [Neuman et al., 2004]. This
same region is reexamined here, using data from the 2006
Texas Air Quality Study, and includes analyses of coalesced
urban and petrochemical plumes.

[5] In this work, the relationship between O; and NO,
oxidation products is studied in plumes from the same
source region under a variety of meteorological conditions.
In many studies of photochemistry in urban or industrial
plumes, direct estimations of OPE from observations implic-
itly assume that the emissions are released from a localized
source into a uniform background and are transported down-
wind under constant wind speed and direction. As a conse-
quence, the reported results may not be representative of
more complex conditions influenced by emissions from
multiple sources and variations in wind speed and direction
that complicate mixing during transport. This study examines
the relationship between O3 and NOy oxidation products for
all available data to reveal the conditions responsible for a
wide range of observed relationships between O3 and NO,
oxidation products. Determinations of OPE that accurately
represent the number of O3 molecules formed for each NO,
molecule oxidized are achieved by accounting for the influ-
ence of changing backgrounds on the measured mixing
ratios.

2. Experiment
2.1. Sampling Platform
[6] Between 11 September and 12 October 2006, the

NOAA WP-3 aircraft conducted 16 research flights from
Ellington Field, Texas, as part of the 2006 Texas Air Quality
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Study. The present analysis uses data from the 10 daytime
flights between 13 September and 6 October 2006 that
included multiple crosswind transects of pollution plumes
from the Houston area. These 10 flights, with an average
duration of 6.2 h, were conducted in the afternoon in order
to sample plumes emitted into a well-mixed boundary layer
and to best capture photochemical transformations. Flight
altitude for the Houston plume studies was usually 500 m
above sea level (ASL), and only a few plume transects were
performed at higher altitudes within the mixed layer. Alti-
tude profiles were regularly performed outside of plumes,
and the maximum altitude on each flight was 3—5.7 km. On
each of the Houston flights, several upwind transects and
between 4 and 11 downwind plume transects were per-
formed by flying perpendicular to the wind at distances
progressively farther downwind from the source region.
Consecutive transects were 20—30 km apart, and plumes
were sampled up to 170 km from the Houston area. Plumes
sampled at the farthest downwind transects had been trans-
ported approximately 5 h from the time of emission on most
flights.

[7] The analyzed data were obtained from instruments
that were similar to those used in a previous experiment
conducted aboard the same aircraft [Neuman et al., 2006,
and references therein]. Fast response (typically 1 Hz) mea-
surements of nitric oxide (NO), nitrogen dioxide (NO,), the
sum of reactive nitrogen compounds (NOy = NO + NO, +
HNO; + PANs + ...), HNOj;, peroxy acyl nitrates (PANs),
CO, and O; are analyzed, and the measurement details are
shown in Table 1. At aircraft flight speeds of 100 m/s, 1-Hz
data correspond to measurements averaged over 100 m for
each of these species.

2.2. Meteorology

[8] Accounting for variations in background pollutant
levels, which contributed to the trace gas mixing ratios
measured in plumes downwind from Houston, is necessary
to isolate the influence of the urban region. Downtown
Houston is 40 km WNW inland from Galveston Bay, which
connects to the Gulf of Mexico. When air masses came
from the Gulf (south or SE winds) and the air had not been
recirculated recently from the continent, background pol-
lutant levels were low with O3 often less than 20 ppbv, CO
approximately 70 ppbv, and NO, less than 0.4 ppbv. Air
masses from the continent (north and NE winds) or recircu-
lated continental air over the Gulf contained higher back-
ground levels of pollutants, with O5 typically 50 ppbv, CO
approximately 150 ppbv, and NO, 1.5-3 ppbv. Since the
background levels depend on air mass history and wind
direction, meteorology has a strong influence on O3 mixing
ratios in the Houston area. Flights were conducted when
winds were from the north, NE, east, SE, and south, so that
the study includes plumes superimposed on both continental
and marine background air. In contrast to the 2000 study, no
flights in 2006 were conducted when winds were from a
westerly direction, which has been associated with the
development of land-sea breezes that recirculate pollutants
[Darby, 2005].

[v] During the flights studied here, ambient conditions
were typical for summer and fall continental midlatitude
locations, with temperatures in the boundary layer of 25°C
+ 4°C and relative humidities of 50% + 20%. The depth of
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Table 1. Measurement Techniques for Trace Gas Mixing Ratios
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Species Technique Inaccuracy Imprecision Time Resolution
NO Chemiluminescence detector (CLD) +5% +0.015 ppbv Is
NO, photolysis converter with CLD +9% +0.04 ppbv ls
NO, 300°C gold converter with CLD +12% +<0.3 ppbv Is
HNO; Chemical Ionization Mass Spectrometer (CIMS) +(15% + 0.1) ppbv +0.02 ppbv ls
PAN, PPN, PiBN CIMS +30% 2s
CO Vacuum UV fluorescence +5% +1 ppbv Is
O3 CLD +3% +0.05 ppbv Is
SO, pulsed UV fluorescence +10% +0.3 ppbv ls
NO; C-ToF-AMS +30% 10-15s

the boundary layer was usually between 1 and 2 km ASL
inland and downwind from Houston, although it was
sometimes only a few hundred meters early in the afternoon
over Houston. Clouds were rarely encountered, though fair
weather cumulus clouds occasionally formed at the top of
the boundary layer.

3. Observations

[10] Data from crosswind flight tracks in the Houston vi-
cinity below 1 km altitude are analyzed here. Aircraft flight
tracks for two of the ten flights are shown on a map of the
region in Figure 1. The center of the Houston urban area is
located where many roads (gray lines) converge at 29.8°N,
95.4°W, and the outer beltway around Houston has a 40 km
diameter. The Gulf of Mexico is at the lower right-hand
corner of Figure 1. The Houston metropolitan area has a pop-
ulation over 5.5 million (www.houstontx.gov/abouthouston/
houstonfacts.html). Many petrochemical industrial facilities
are located along the Houston ship channel that extends east
from the urban area to Galveston Bay.

[11] A time series of 1-s measurements on 25 September
2006 in five crosswind plume transects is shown in Figures 2a
and 2b. Since Houston emissions are spread over 40 km in a
single direction, the transported plumes were wide (approx-
imately 50 km full width at half maximum). Thus, the

duration of each plume crossing was approximately 8 min
for the WP-3 aircraft traveling at 100 m/s. The large geo-
graphical extent of emissions means that downwind plume
transects sampled emissions that were transported over a
range of times (typically £1 h). All the analysis that follows is
based on plume transect data from the 15 and 25 September
flights shown in Figure 1 and from flights on 13, 19, 20, 21,
26, and 27 September and 5 and 6 October 2006.

3.1. Ozone

[12] Although the measurements reported here occurred
after the peak O; season, rapid NOy oxidation and O;
production were observed on all 10 of the daytime flights
in the Houston area. Maximum [-s O; mixing ratios
observed from the aircraft exceeded 110 ppbv on half of
the flights near Houston and ranged from 72 to 147 ppbv on
each flight. On every flight, O3 mixing ratios in the Houston
pollution plume reached levels at least 30 ppbv greater than
the upwind background that ranged from 20 to 60 ppbv.
Enhancements in O; mixing ratios in plumes increased
markedly in the first few downwind transects, when NO,
oxidation was large. After most of the NO, had been
oxidized, O; mixing ratios remained nearly constant in
plume transects farther downwind (e.g., Figure 2), reflecting
an approximate balance between production versus dilution
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Figure 1.

Aircraft flight tracks downwind of Houston urban and industrial areas on 15 (green lines) and

25 September 2006 (blue lines) overlaid on a map of the Houston area. Roads are shown as gray lines,
and the Houston ship channel is shown in light blue. The red points are NO, point sources from the 2004
TCEQ Annual Point Source Emission Inventory with electric power generation facilities updated to 2006
levels, sized according to their emission rates between 10%* and 6.3 x 10** molecules/s. The
25 September transects are labeled according to the order in which they were sampled.
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Figure 2. (a) NOy (red), NOy (green), HNO; (blue), and

PANSs (pink) mixing ratios measured once per second during
plume transects on 25 September 2006. Aircraft altitude is
shown in gray (right axis). The numbers correspond to the
labels shown in Figure 1. (b) CO (black) and O; (red) mixing
ratios.

and loss processes, or negligible influence from these
effects.

3.2. Reactive Nitrogen Budget

[13] Measurement accuracy and atmospheric composition
are examined by comparing the individually measured re-
active nitrogen compounds to a measurement of the sum of
reactive nitrogen species (NOy). The sum of the individually
measured HNO3, NO, NO,, PAN (peroxyacetic nitric anhy-
dride), PPN (peroxypropionic nitric anhydride), and PiBN
(peroxyisobutyric nitric anhydride) on 10 daytime flights
conducted in the Houston and Dallas areas is compared to
the independently measured NOy in Figure 3. Measure-
ments of compounds that were a small fraction of NOy on
these daytime flights (for example MPAN, APAN, NO; and
N,Os) or that were measured less frequently (for example
alkyl nitrates and particulate nitrate) are omitted from the
sum of individual species to maintain a large data set for
comparison. Since PANs, which are the sum of the 3 PAN-
type compounds above, were measured every 2 s, a max-
imum of 31 h of coincident 1-s measurements are possible
during the 62 h of flight on these 10 days. Figure 3 has
67,576 coincident 1-s measurements (19 h), with in-flight
instrument calibrations, zero determinations, diagnostics,
and malfunctions that account for the remaining time.

[14] A bivariate linear least squares fit of (NO + NO, +
HNO; + PANs) to NO,, weighted by measurement impreci-
sion, has a slope of 0.985, an intercept of negative 0.16 ppbv,
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and a high correlation coefficient (r = 0.99). The difference
from a slope of one and intercept of zero is not significant,
since it is far less than the instrumental uncertainties (Table 1).
Uncertainty in the sum of the reactive nitrogen compounds
varies with partitioning and concentration, but for a com-
monly observed aged plume with 5 ppbv HNO; and 2 ppbv
NO; and PANS (e.g., Figure 2a, transect 4), the uncertainty in
the sum of the individual species is 11% and the uncertainty
in NOy is 14%. Because the highest values of NO, occurred
in concentrated fresh plumes where NO, dominated, the NO,
and NOy measurements largely determine the slope of the
linear fit. A more rigorous test of measurement accuracy for
reactive nitrogen reservoir species compares the sum of
measured HNO; and PANs to the measured difference
between NOy and NOy (Figure 4). The bivariate linear least
squares fit of HNO3; + PANs to NO, — NOjy has a slope of
0.94, an intercept of negative 0.05 ppbv, and a high correla-
tion coefficient (r = 0.97), demonstrating that nearly 100% of
the NO, oxidation products are accounted for by HNO; and
PANSs. The sum of eight alkyl nitrates measured in canisters
during the flights was 2% of NOy, — NOy on average and
accounts for some of the difference between HNO; + PANs
and NOy — NO. Similar to the findings from an earlier air-
craft study in the Houston area in 2000 [Neuman et al., 2002;
Ryerson etal.,2003], only a few percent of the measured NO,,
is unaccounted for on average, but 10—15% measurement
uncertainty in the sum of reactive nitrogen species remains.
[15] Other infrequently or unmeasured reactive nitrogen
species were present in the atmosphere, but they were not
abundant in the majority of the measurements reported here.
The absolute difference between HNO3 + PANs and NO,, —
NOy is less than 1 ppbv in more than 93% of the measurements.
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Figure 3. Measurements of the sum of individually
measured reactive nitrogen compounds versus the measured
NO, for the 10 daytime flights in the Houston area. Each
red dot represents a 1-s measurement. The dashed line is a
one-to-one line, and the solid line is a linear least squares fit
to the data, with a slope of 0.985 and r = 0.99.
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Figure 4. Same as Figure 3 but for the sum of individually
measured reactive nitrogen reservoir species versus the dif-
ference between NO, and NO,. The solid line is a linear least
squares fit to the data, with a slope of 0.94 and r = 0.97.

The largest differences are in isolated plumes from petro-
chemical industrial sources along the Houston ship channel,
where NO,, — NO, often exceeds HNO3 + PANs by 1-3 ppbv.
In these plumes, rapid NO, oxidation and Oz formation
occurs, and unmeasured alkyl nitrates [Rosen et al., 2004]
may be formed.

3.3. Reactive Nitrogen Partitioning

[16] The partitioning of NO, between its constituents helps
identify physical and chemical processes that occur in a
plume. In the farthest downwind plume transects, NO, was
highly oxidized and accounted for only 10% to 20% of NO,,
and the partitioning of NO, oxidation products between
HNO; and PANSs varied considerably. The HNO; and PANs
produced in plumes exceeded background mixing ratios
measured upwind of Houston. Background values were
HNO;3; < 1 ppbv and PANs < 0.7 ppbv, except on 27
September when recirculated continental air had 3 ppbv
HNOj; and 1 ppbv PANS. In the center of plumes transported
50—170 km from Houston, HNOj3 ranged from 4 to 11 ppbv
and PANs were 2—6 ppbv on 9 of the 10 flights. The ex-
ception occurred on 21 September 2006, when wind speeds
were 10 m/s, and HNOj; never exceeded 2 ppbv and PANs
were less than 1.5 ppbv. In aged plumes far downwind from
the Houston urban area, HNO; mixing ratios were their
largest and usually constituted the majority of NO,. In
contrast, the largest PANs mixing ratios were in isolated
plumes near the Houston ship channel. These PANs formed
rapidly in plumes that had been transported less than 2 h, and
were as high as 5.9 ppbv and sometimes exceeded HNOs.

3.4. Emission Ratios

[17] Chemical transformation processes are examined by
comparing enhancement ratios of pollutants in downwind
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transects to those near the source of emissions. An enhance-
ment ratio for two pollutants in a plume is the quotient of
the above-background mixing ratios for the two compounds.
CO and NO, were often coemitted, and the CO to NO,
enhancement ratio (ACO/ANO,, where the A represents
the contribution from Houston sources above the back-
ground) would remain constant during plume transport in
the absence of downwind chemical production (e.g., CO
production) or depositional loss (e.g., HNOj3 loss). For
example, ACO/ANO, remained constant in plumes from
urban areas on the U.S. east coast that were transported
hundreds of kilometers over the North Atlantic Ocean, where
transport occurred above the marine boundary layer such that
depositional losses were low [Neuman et al., 2006]. Close-in
plume transects that captured emissions from both the urban
area and ship channel industries and were within 20 km of the
center of the urban area are used to determine CO to NO,
emission ratios from the urban and petrochemical sources. In
these fresh plumes, nearly all NO, enhancements were from
NOy, such that ACO/ANO is nearly equal to ACO/ANO,,
NO, is used here to account for small NO, oxidation that may
have occurred and for use in comparisons with transects
farther downwind when NO, was highly oxidized.

[18] Emissions of CO and NO, from industries located
near the Houston ship channel came from many different
point sources located in close proximity and the relative CO
and NO, emissions from each source differed substantially.
Consequently, CO and NO, are not highly correlated in
these close-in transects of ship channel emissions. Down-
wind, the emissions from many point sources coalesce, so
that CO and NO,, are correlated (Figure 2), and slopes of
bivariate linear least squares regressions can be used as a
measure of the enhancement ratio. Emission ratios in fresh
plumes, where CO and NO, were less well-correlated, are
determined instead by integrating background-subtracted
mixing ratios across a plume, where background CO and
NOy are determined from measurements upwind. Observed
ACO/ANO, are shown in Figure 5 as a function of time of
day for 18 close-in transects. The CO to NO,, emission ratio
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Figure 5. Measured CO to NO, enhancement ratios in
crosswind plume transects of fresh emissions from the
Houston area, averaging over both the urban and ship
channel source regions. The solid line is the average value,
and the dashed lines represent 1 standard deviation from the
average.
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Figure 6. Background O3 and NO, — NO, mixing ratios averaged over transects upwind of Houston on

each daytime flight. The line has a slope of 18.

during the study averaged 5.0 + 0.5 and did not depend on
the time of emission for observations from 1100 to 1800
local time.

[19] Plume transects were performed farther downwind
during the afternoon when wind speeds were moderate (5.6 +
2.3 m/s) and plumes were transported up to several hours after
emission. Hence, most of the measured pollutants were
emitted during the late morning or early afternoon, with
approximately half emitted between 1100 and 1300 and over
90% emitted between 0800 and 1500. Limitations on flight
duration necessitated that the aircraft conduct successive
downwind transects more rapidly than the air was advected
the same distance. As a result, the plume studies were not
Lagrangian, but instead captured a spectrum of emission
times. The farthest downwind transects sampled the earliest
emissions and may include some contributions from night-
time emissions. During night in the Houston area, wind speeds
and boundary layer depth were low, and pollutants were often
concentrated with CO > 1 ppmv and NO, > 100 ppbv. Night-
time CO to NOy ratios measured at four different Continuous
Ambient Monitoring Stations in the Houston urban area main-
tained by the Texas Council on Environmental Quality
(TCEQ) and the City of Houston were approximately 8 during
September 2006 (http://www.tcequationstate.tx.us/compliance/
monitoring/air/monops/hourly data.html). The WP-3 aircraft
also flew into the nighttime boundary layer on 12 October
2006, when fresh emissions were sampled and ACO/ANO,,
was measured to range from 8 to 10. Measurements of motor
vehicle emissions in Houston show that the contribution from
diesel exhaust (with low CO/NOy compared to gasoline) is
less during the late afternoon compared to earlier in the day
[McGaughey et al., 2004], and hence may cause emission
ratios to vary diurnally. If late afternoon emissions are trapped
in a shrinking nighttime boundary layer, nighttime CO to NO,
ratios in the urban area may be larger than daytime ratios.

4. Analysis

[20] The enhancement ratios of trace gases measured in
plumes are used to assess transformations that occur during
transport. Here the ratios are determined several ways to

reduce the effects of artifacts of a particular analysis tech-
nique. Two different types of least squares regressions are
performed and compared to results derived from integrating
mixing ratios across plumes. Enhancement ratios are de-
rived from slopes of linear fits to pairs of 1-s data using least
squares regression that allow uncertainty in both variables.
Every measurement is weighted by 1/0% where o is the
measurement imprecision indicated in Table 1. These ratios
are identified here as weighted bivariate fits. Ratios are also
determined from correlation slopes obtained from standard
one-sided linear least squares regressions of only the depen-
dent variable, without weighting the data. Last, enhancement
ratios are determined by integrating background-subtracted
mixing ratios across plumes, as described in section 3.4. Each
method is subject to different biases and uncertainties. The
uncertainty in curve fitting is larger when the sources and
sinks differ for the two compounds such that their covariation
is diminished. Using plume integrations to attribute changes
in enhancement ratios to production and loss of the measured
compounds assumes that the primary or precursor emissions
are unchanging, the background is constant and known, and
both species are similarly vertically distributed in the
boundary layer [Trainer et al., 1995]. Some of these
assumptions and approximations are examined in the fol-
lowing analysis.

4.1. Background Mixing Ratios

[21] The background levels of pollutants varied consid-
erably according to the history of the air masses upwind of
Houston (section 2.2) and affected the measured relation-
ships between pollutants in plumes. With constant back-
ground levels over the course of a plume study, correlation
slopes from linear least squares regressions accurately rep-
resent enhancement ratios of pollutants from local sources,
since dilution of inert gases with a constant background
does not alter the species’ relationships [McKeen et al.,
1996]. With background levels that change across a plume
transect, however, correlation slopes represent a combination
of enhancement ratios from local sources and the background
air. If the background pollutants have varying concentra-
tions with different enhancement ratios but comparable
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Figure 7. The same as Figure 6 but for CO and NO,. The line has a slope of 40.

magnitudes to the plume mixing ratios, then correlation
slopes do not accurately represent emissions or processing
from the local source alone. Similarly, enhancement ratios
of pollutants determined from plume integrations where
background variability cannot be quantified and accurately
subtracted do not represent solely the contributions from a
local source.

[22] The average upwind CO, NO,, O3, and NO, — NO,
mixing ratios on the ten daytime flights are shown in
Figures 6 and 7. The background O levels and their
association with wind direction are consistent with surface
measurements in the Houston area during the summer of
2006 [Rappengliick et al., 2008]. Assuming that the back-
ground air is a mixture of clean Gulf air and polluted con-
tinental air, as is suggested by the nearly linear relationships
in Figures 6 and 7, then enhancement ratios for the back-
ground air can be derived from linear fits to the average
upwind background mixing ratios measured on each flight.
Background air masses had ACO/ANO, = 40 (Figure 7)
and AO;/A(NOy — NOy) = 18 (Figure 6). In the absence of
local sources, the mixing of clean and polluted background
air alone yields ACO/ANO, approximately a factor of
8 higher than both Houston emission ratios and emission
ratios from other urban areas [Parrish et al., 2002], and over
a factor of 4 higher than assumed nighttime ratios. The large
ACO/ANOy in the background air is clearly affected by
sources other than fresh local emissions.

[23] Variable mixing of clean air with aged polluted air
can change background levels across a plume transect and
influence observed enhancement ratios. As an example, Fig-
ure 8 shows 1-s measurements of CO, NO,, O3, and NOy —
NO, mixing ratios in the farthest downwind plume transect
(Figure 1) on 15 September 2006. The aircraft flew from NE
to SW, and the winds were from the SE at 5 m/s. North of
Houston (~1455 local time (LT)), the background air was
influenced by polluted continental air, while west of Houston
(~1515 LT) the background air was more influenced by
cleaner air from the Gulf of Mexico. The enhancements in
CO (~50 ppbv) and O3 (~20 ppbv) from the local Houston
source are similar in magnitude to the changes in the
background. Using the measurements obtained on both sides

of the Houston plume, the background air has enhancement
ratios of ACO/ANO,, = 40 and AO5/A(NO, — NO,) = 19.
Consequently, the correlation slopes obtained from weighted
bivariate fits to this plume data (ACO/ANO, = 13 and AO5/
A(NO, — NOy) = 9) are elevated in part owing to the
variability in the background mixing ratios. Further, plume
dilution decreases enhancements from local sources rela-
tive to background mixing ratios, so that the influence of
variable background levels on measured enhancement
ratios increases as plumes are transported.

[24] If background values are known at all times, the
measurements can be corrected to isolate the influence of
local sources above the background. However, changing
backgrounds were most prominent here when wind speeds
were high and variable, causing the mixing of background
air with the Houston plume to vary in time and location
during plume transport. This temporal and spatial variability
in the background mixing ratios increases the uncertainty in
extracting local contributions from the measurements. As
a result, when local sources emitted into a large and vari-
able background, plume processes were obscured. Thus,
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Figure 8. One-second measurements of Oj (blue), CO
(black), NOy (red), and NOy — NO, (green) from a plume
transect 70 km downwind from Houston on 15 September
2006.
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Figure 9. Comparison of AO3;/A(NO, — NO,) enhance-
ment ratios determined by weighted bivariate fits and plume
integration. The solid circles are from plume transects with
constant backgrounds on 20, 25, and 26 September and
5 October 2006, and the open circles are from the other six
flights when backgrounds were variable. The dashed line
has a slope of 1 and intercept of 0.

enhancement ratios are interpreted to represent emission
ratios and OPEs only on days when measured CO upwind
was equivalent (within 10 ppbv) to that outside of plumes
in downwind transects. On 20, 25, and 26 September and
5 October, background mixing ratios were nearly constant,
and on 13, 15, 19, 21, and 27 September and 6 October,
background mixing ratios varied in location and time.

4.2. Relationship of Ozone to NO, Oxidation Products

[25] The processes responsible for the relationship be-
tween O; and reactive nitrogen in coalesced urban and
industrial plumes downwind from Houston are identified
here. In aged plumes, O; was strongly correlated with the
products of NO, oxidation. NO, oxidation products are
determined here from the difference NO, — NOj, although
they could be determined similarly from the sum HNO; +
PANSs (section 3.2). In aged plumes, O3 enhancements (typ-
ically many tens of ppbv) were much greater than NO,
enhancements (typically a few ppbv). Since NO, was only a
few percent of Os, there is little difference between repre-
senting O3 formation by either O3 or O3 + NO,, which is
sometimes used to include additional O5; formation that will
occur once NO, is photolyzed. In the following discussion,
O; formation is quantified by enhancements in O; alone.

[26] AO3/A(NOy — NOy) determined from weighted
bivariate fits is similar to that determined using integrals
of background-subtracted mixing ratios across a plume. The
comparison of the two methods for 65 crosswind plume
transects is shown in Figure 9. On average, AO3;/A(NOy, —
NOy) determined by bivariate fits is 12% smaller than from
plume integration, and the 2 methods never differ by more
than 50%. Standard single-sided linear regression (not
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shown) yields smaller AO3/A(NO, — NOy) that are on
average half that determined by plume integration. These
smaller slopes reflect the relatively poor correlation between
AO3/A(NOy — NOy), found especially in younger plumes.
The weighted bivariate fits provide a more reliable fit to the
data here, as demonstrated by the good agreement with the
plume integration approach.

[27] The relationship between Oz and NO, oxidation
products in coalesced plumes from Houston urban and in-
dustrial sources is similar in all downwind plume transects
on the four flights when background mixing ratios were con-
stant. As an example, Figure 10 shows 1-s measurements of
O3 versus NOy — NO for the four downwind plume transects
on 25 September 2006 (time series shown in Figure 2). AO5/
A(NO, — NOy) in each plume transect, determined by plume
integration and weighted bivariate fits, ranges from 5.2 t0 6.7.
The blue line determined from a weighted bivariate fit to data
from transect 4 (50 km and 2 h downwind, Figures 1 and 2)
has a slope of 5.8 and r = 0.84. In the 24 plume transects
performed when background mixing ratios were constant on
20, 25, and 26 September and 5 October, AO3/A(NO, —
NOy) is 5.9 £ 1.2 and is independent of downwind distance.
Changing backgrounds on 13, 15, 19, 21, and 27 September
and 6 October cause determinations of AO3/A(NO,, — NOy)
to average nearly a factor of 2 higher and increase with down-
wind distance, reflecting the importance of variable mixing of
polluted air with transported plumes to this observed ratio.

4.3. Relationship of Carbon Monoxide
to Reactive Nitrogen

[28] Observed ACO/ANO, varies similarly to AOs/
A(NO, — NOy), and this similarity elucidates the cause
for the dependence of AO3/A(NO, — NO,) on flight date
and downwind distance. ACO/ANO, is calculated here
using both linear least squares regression and plume inte-
gration. Standard single sided linear least squares regres-
sions yield ACO/ANO,, approximately one third smaller
than those determined by weighted bivariate fits or plume
integration. ACO/ANO,, from weighted bivariate fits agree

80 T T T

70~

60

O; (ppbv)

50+

40 1 1 1

NOy-NOx (ppbv)

Figure 10. One-second measurements of O3 versus NOy, —
NOy for four plume transects downwind from Houston on
25 September 2006. The red circles are from transect 2 shown
in Figures 1 and 2, the green are from transect 3, the blue are
from transect 4, and the black are from transect 5. The blue
line is from a linear fit to the data in transect 4.
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Figure 11. The same as Figure 10 but for CO and NO,,.

with values from plume integration to within 3%, over a
range of values that vary over a factor of 3. This agreement
reflects the improved accuracy obtained by using bivariate
fits over single-sided fits when the measured species are not
perfectly correlated. The relationship between CO and NO,,
is shown in Figure 11 for the four downwind plume tran-
sects on 25 September (transects 2—5, Figures 1 and 2). The
blue line, which is from a weighted bivariate fit of data from
transect 4, has a slope of 4.9 and r = 0.91. For the 24 plume
transects conducted on the 4 days with constant background
mixing ratios, ACO/ANO, averages 5.7 + 1.1, which is
nearly equivalent to the value at emission (Figure 5). On the
other six flights, changing backgrounds cause ACO/ANO,,
to vary with values often over a factor of 2 larger than emission
ratios. ACO/ANOy, varies with flight date and downwind
distance similarly to AO3/A(NO, — NOy) since both enhance-
ment ratios are elevated when transported plumes mix with
aged pollution.

5. Discussion

[29] Variable mixing of polluted background air with
plumes can limit the utility of observed enhancement ratios
for quantifying plume processes. The causes for the chang-
ing backgrounds observed here and the limits they impose
on data interpretation are examined in this section.

5.1. HNOj; Loss

[30] The air measured upwind of Houston was often
highly polluted compared to clean air from marine regions
(Figures 6 and 7) with large enhancements in CO relative to
NO, and Oj; relative to NOy, — NO, (section 4.1). Here
additional measurements are investigated to examine the pos-
sibility that HNO5 removal affected the background enhance-
ment ratios.

[31] Data from coincident particle measurements are used
to assess the possibility that gas to particle conversion af-
fected gas phase HNO; concentrations. Aircraft measure-
ments of particulate nitrate by an aerosol mass spectrometer
(R. Bahreini et al., Organic aerosol formation in urban and
industrial plumes near Houston and Dallas, Texas, submit-
ted to Journal of Geophysical Research, 2009) demonstrate
that fine particulate nitrate (diameter less than 1 pm) was a
very small fraction (typically about 2%) of total nitrate
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(particulate nitrate + HNO3) in the Houston plume transects.
The agreement between NO, — NO, and HNO;3; + PANs
(Figure 4) further indicates a small contribution of aerosol
nitrate to NO,, since fine particulate nitrate detected by an
NO, instrument [Miyazaki et al., 2005] would cause NO, —
NO, to exceed HNO3; + PANs. Ammonia, which can asso-
ciate with HNOj to form fine particulate nitrate, was mea-
sured to be low (90% of the measurements were less than
3 ppbv) except in a few concentrated ammonia plumes from
point sources (<1% of the measurements were > 5 ppbv
(J. B. Nowak et al., manuscript in preparation, 2009)).
Additionally, during these summer and fall daytime flights,
high temperatures resulted in large ammonium nitrate dis-
sociation constants, so that the partitioning of nitrate be-
tween the gas and particle phases favors gas phase HNOj3
over particulate ammonium nitrate. HNO3 also can be lost
to coarse particles. Aerosol sizing instruments determined
particle size distributions for particles with physical diam-
eters up to 8.3 pum. The measured coarse particle volume
was not large enough to account for HNOj loss that could
substantially elevate ACO/ANO,. HNOj; loss to particles is
not evident here and does not explain the depletion of NO,,
relative to CO measured in background air in the upwind
transects.

[32] HNOj; can be removed from the atmosphere by wet
and dry deposition. Clouds were present at the top of the
boundary layer on several days, but no precipitation events
occurred along the plume trajectories during the 10 flights
studied here. Additionally, no precipitation was reported in
the Houston area in late September or early October 2006,
but mid-September had several days with rain. Thus, air
masses sampled upwind from Houston on the earlier flights
may have been affected by precipitation that could reduce
NOj relative to CO in the background air. In this study with
boundary layer depths typically 1.5 km, HNO; lifetimes to
dry deposition are calculated to be approximately 14 h for
the few cim/s deposition velocities reported for grasslands and
forests [Huebert and Robert, 1985; Hanson and Lindberg,
1991]. This rapid depositional loss, compared to CO and O3,
may also explain the large ACO/ANO, and AOs/ANO,, —
NOy) in aged polluted background air.

[33] In the absence of HNOj; loss to particles or wet
deposition during plume transport, ACO/ANO,, is expected
to remain nearly constant in plumes emitted into constant
backgrounds and transported only a few hours. Dry depo-
sition of HNO; during a few hours of plume transport
should be small given the 14-h lifetime calculated above,
and CO, which has a lifetime of several weeks, is conserved
on the time scales of hours. Although CO production from
VOC oxidation will increase CO mixing ratios [Chin et al.,
1994], this apparently did not substantially alter the CO
mixing ratios here. The total outflow of CO from the
Houston area measured in each plume (see Trainer et al.
[1995] for the method employed here to determine this
flux) did not increase downwind on the four flights with
constant backgrounds. ACO/ANO, remained nearly con-
stant in the plume transects on the four flights with
constant backgrounds, consistent with previous work
[Ryerson et al., 2003] and with HNO; and CO lifetimes
that are larger than plume transport times. HNO;5 deposi-
tion velocities were observed to vary widely in power
plant plumes in Texas [Neuman et al., 2004], and the
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Figure 12. One-second measurements of O3 versus NOy, —
NO, for a transect of an isolated plume downwind from the
Houston ship channel on 6 October (red circles) and from the
transect 70 km downwind from Houston on 15 September
(blue circles) shown in Figure 8. The lines are from weighted
bivariate fits to the data.

results here are consistent with the lower values reported
in that work.

5.2. Ozone Production Efficiency

[34] The sensitivity of O3 production to NO, emission has
revealed the benefits that can be anticipated from NOy
reduction [Ryerson et al., 2001], but such conclusions can
only be reached if observationally based determinations of
OPE are not affected by processes that degrade their rep-
resentation of plume photochemistry. A wide range of AOs/
A(NOy — NO,) values are observed in plume transects
downwind from Houston urban and industrial sources under
differing meteorological conditions (Figure 9), but OPE
cannot always be derived accurately from the observed
AO3/ANO, — NOy). When background mixing ratios re-
main constant and loss of reactive nitrogen is low, the en-
hancements in primary and secondary pollutants caused by
emissions from the Houston area can be quantified, and
AO;3/A(NOy — NOy) can be accurately interpreted as the
OPE (section 4.2). When plumes mixed with changing back-
grounds causing coincident increases in ACO/ANO, and
AO3/ANO, — NOy), the effects of photochemical produc-
tion from local emissions cannot be separated from back-
ground variability, and the observed relationship between O3
and NO, — NOj cannot be interpreted as an OPE represen-
tative of plume photochemistry.

[35] The importance of carefully linking AO5/A(NO, —
NOy) to OPE is illustrated in Figure 12 by comparing an
aged coalesced plume to a concentrated plume from the
Houston ship channel. The blue circles were measured
70 km from Houston on the farthest downwind transect
on 15 September (Figure 8), and the red circles were mea-
sured 10—15 km downwind from the Houston ship channel
on 6 October. In both plumes, O3 and NOy — NO, are
highly correlated, and the observed AO;/A(NO, — NOy)
from weighted bivariate fits are approximately 9. Despite
the similarity in AO3/A(NOy — NOy), the high enhance-
ment ratios in these two plumes do not indicate similar
photochemistry.
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[36] Changing background mixing ratios that include
contributions from aged pollution depleted in NO,, and
NO, — NOy on 15 September elevate ACO/ANO(=13)
and AO5/A(NOy — NOy) in this plume. In the plume, the
majority of the NO, reservoir was HNO3 (4 ppbv), with a
smaller contribution from PANs (2 ppbv). When changes in
background mixing ratios are comparable to enhance-
ments from a local source in a transported plume (as on
15 September), regional changes in relationships between
pollutants obscure and alter the signatures from the local
source, and enhancement ratios do not represent the
effects of local emissions alone. The 6 October plume in
Figure 12 was from a geographically smaller source, such
that the backgrounds were nearly constant on either side
of this concentrated plume. In this plume, both O3 and
PANs had been formed in large abundance, and immedi-
ately downwind from the petrochemical industrial facil-
ities located along the Houston ship channel. PANs
(6 ppbv) were more abundant than HNO; (4 ppbv), and
ACO/ANO,, was 3. The relatively large enhancements in
PANs compared to HNOj; indicate the importance of VOC
to the O3 photochemistry in this plume. Since the back-
grounds were constant and reactive nitrogen loss was low
(as evidenced by ACO/ANO,, equivalent to the value at
emission), AO3/A(NOy, — NOy) can be interpreted as the
OPE. The OPE of 9 in this ship channel plume is higher
than that measured in coalesced plumes as a consequence
of rapid and efficient photochemistry. This finding is
consistent with work that showed rapid and efficient O;
formation in plumes from petrochemical industrial sources
with large NO4 and reactive alkene emissions [Ryerson
et al., 2003]. Distinguishing these high OPE plumes from
those that are affected by changing background pollution
is facilitated by quantifying ACO/ANO, and background
pollution levels upwind and adjacent to transported plumes.

6. Conclusions

[37] Ozone production efficiency (OPE), which is the
integrated number of O3 molecules formed for each NO,
molecule oxidized, is determined from the observed AQOs/
A(NO, — NO) enhancement ratios measured in plumes
downwind from Houston urban and industrial areas. How-
ever, this ratio can be strongly affected by the background
pollution. On six daytime flights in the Houston area,
transport and mixing was complicated, and polluted back-
ground air mixed with the plumes at different locations and
times and caused changing backgrounds. ACO/ANO, and
AO3/ANOy — NOy) increase with downwind distance on
these days. Elevated ACO/ANO, in aged polluted back-
ground air suggests that HNO; depositional loss had re-
duced the background NO, abundance. On these 6 days
when backgrounds changed and ACO/ANO, increases
downwind, AO3/A(NO, — NOy) also increases downwind
and is highly elevated and variable. Changing background
levels affect the enhancement ratios so that OPE cannot be
determined unambiguously from observed mixing ratios on
these days. On the 4 days when background mixing ratios
and ACO/ANO,, are constant, the enhancement ratio of O3
to NO, — NOy averages 5.9 + 1.2 and is interpreted as
representing the OPE. Higher OPE is observed in plumes
dominated by Houston ship channel emissions, where O3
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and PANs are formed rapidly. The OPEs determined here
are consistent with previous results from the same region.
Using data from the Texas 2000 study, the ratio of O3 to
NO, oxidation products in plumes heavily influenced by
the Houston ship channel were 11 to 12, and the O5 yield
was about a factor of two smaller in isolated Houston
urban plumes [Ryerson et al., 2003; Daum et al., 2003].

[38] Literature reports of OPE span a wide range of val-
ues [e.g., Trainer et al., 1993; Hirsch et al., 1996; Kasibhatla
etal., 1998; Berkowitz et al., 2004; Griffin et al., 2004]. Using
the relationship between accumulated O; and NO, emissions,
the large-scale regional OPE was estimated to range from 2 to
3 O3 molecules per NO, molecule in the eastern United States
[Kasibhatla et al., 1998]. In contrast, OPE in the eastern
United States determined from observed linear regressions
between O3 and NO, oxidation products have yielded OPEs
several times higher and have been reported to increase with
plume age [Zaveri et al., 2003]. HNO; removal during plume
transport has been suggested as the likely cause for the high
OPE values estimated from such observations [Trainer et al.,
1993, 2000; Kasibhatla et al., 1998]. The results shown here
demonstrate that variable mixing of background air affected
by HNO; removal with local pollution can also influence
observationally based estimates of OPE. Background mixing
ratios and ACO/ANO,, provide indicators for distinguishing
plumes with efficient O; formation from plumes with simi-
larly high O3 to NO, oxidation products correlation slopes
caused by variable mixing of aged polluted air depleted in
HNOj;. Understanding the effects of transport and mixing on
enhancement ratios of pollutants is critical for evaluating the
significance of the wide range of values for OPE that appear
in the literature (e.g., Table 1 of Griffin et al. [2004] shows
results from 18 studies of ozone production).
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