
Impacts of background ozone production on Houston and Dallas,

Texas, air quality during the Second Texas Air Quality Study field

mission

R. Bradley Pierce,1 Jassim Al-Saadi,2 Chieko Kittaka,3 Todd Schaack,4 Allen Lenzen,4

Kevin Bowman,5 Jim Szykman,6 Amber Soja,7 Tom Ryerson,8 Anne M. Thompson,9

Pawan Bhartia,10 and Gary A. Morris11

Received 21 October 2008; revised 19 February 2009; accepted 6 March 2009; published 23 May 2009.

[1] A major objective of the 2006 Second Texas Air Quality Study (TexAQS II) focused
on understanding the effects of regional processes on Houston and Dallas ozone
nonattainment areas. Here we quantify the contributions of background (continental scale)
ozone production on Houston and Dallas air quality during TexAQS II using ensemble
Lagrangian trajectories to identify remote source regions that impact Houston and Dallas
background ozone distributions. Global-scale chemical analyses, constrained with
composition measurements from instruments on the NASA Aura satellite, are used to
provide estimates of background composition along ensemble back trajectories.
Lagrangian averaged O3 net photochemical production (production minus loss, P-L) rates
along the back trajectories are used as a metric to classify back trajectories. Results show
that the majority (6 out of 9 or 66%) of the periods of high ozone in Houston were
associated with periods of enhanced background ozone production. Slightly less than 50%
(7 out of 15) of the days with high ozone in the Dallas Metropolitan Statistical Area
(MSA) show enhanced background ozone production. Source apportionment studies show
that 5-day Lagrangian averaged O3 P-L in excess of 15 ppbv/d can occur during
continental-scale transport to Houston owing to NOy enhancements from emissions within
the Southern Great Lakes as well as recirculation of the Houston emissions. Dallas
background O3 P-L is associated with NOy enhancements from emissions within Chicago
and Houston.

Citation: Pierce, R. B., et al. (2009), Impacts of background ozone production on Houston and Dallas, Texas, air quality during the
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1. Introduction

[2] The Texas Air Quality Study (TexAQS) focused on
understanding the meteorological and chemical processes
that lead to high-pollution events within east Texas. The
major thrust of the 2000 TexAQS study was characterizing
the effects of local emissions and meteorology on ozone
pollution in the Houston-Galveston-Brazoria (HGB) area
[Berkowitz et al., 2004; Daum et al., 2004; Ryerson et al.,
2003]. The Second Texas Air Quality Study (TexAQS II) in
2006 focused on understanding the meteorological and
chemical processes that lead to high-pollution events
within both the HGB and Dallas�Fort Worth (DFW) ozone
nonattainment areas, with a strong emphasis on regional
processes. The TexAQS field studies supported the
Texas Commission on Environmental Quality (TCEQ) in
developing State Implementation Plans (SIPs) for attaining
National Ambient Air Quality Standards (NAAQS) for
ozone in the HGB and DFW ozone nonattainment areas.
Regional science questions that received special emphasis
during TexAQS II included: (1) How do emissions from
local and distant sources interact to determine the air quality
in Texas? (2) What meteorological and chemical conditions
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exist when elevated background ozone and aerosol from
distant regions affect Texas? (3) How high are background
concentrations of ozone and aerosol, and how do they vary
spatially and temporally? (4) Which areas within Texas
adversely affect the air quality of nonattainment areas
within Texas? (5) Which areas outside of Texas adversely
affect the air quality of nonattainment areas within Texas?
[3] The current study addresses the latter two of these

questions by quantifying the contributions of background
(continental scale) ozone production on Houston and Dallas
air quality during TexAQS II. To quantify background
contributions we use ensemble Lagrangian trajectories,
initialized at U.S. EPA AIRNow (http://www.airnow.gov/)
monitoring sites within the Houston and Dallas metropolitan
statistical areas (MSA), to identify remote source regions
that impact Houston and Dallas background ozone distri-
butions. Global-scale chemical analyses, constrained with
composition measurements from instruments on the NASA
Aura Satellite [Schoeberl et al., 2006] are used to provide
estimates of background composition along ensemble back
trajectories. Comparison between the chemical analyses,
airborne, balloon, and satellite data collected during
the study period are used to verify the analyses used in
the study. Lagrangian averaged O3 net photochemical
production (production minus loss, P-L) rates along the
back trajectories are used as a metric to classify back
trajectories.

2. RAQMS Modeling System

[4] The chemical modeling/assimilation tool used in this
study is Real-time Air Quality Modeling System (RAQMS)
[Pierce et al., 2007]. RAQMS is a unified (stratosphere-
troposphere) online global chemical and aerosol assimilation/
forecasting system that has been used to support airborne
fieldmissions [Pierce et al., 2003, 2007], develop capabilities
for assimilating satellite trace gas retrievals [Fishman et al.,
2008] and assess the impact of global chemical analyses on
regional air quality predictions [Tang et al., 2007; Song et al.,
2008]. RAQMS analyses were conducted at 2 � 2 degrees
horizontal resolution with 35 hybrid eta (sigma-theta) levels
extending from the surface to approximately 60 km. The
stratospheric resolution is approximately 3 kmwith 14 purely
isentropic levels extending from 380K (which corresponds to
the tropical tropopause) to 2350 K. RAQMS has 21 eta
levels in the troposphere that transition from nearly
isentropic in the upper troposphere to purely sigma at
the surface. The standard Ox-HOx-NOx-ClOx-BrOx cycles
governing the formation and destruction of odd oxygen,
tropospheric NOx-HOx reactions, oxidation of CH4 and CO
are considered [Pierce et al., 2003]. The nonmethane
hydrocarbon (NMHC) chemical scheme is based on the
Carbon Bond-IV mechanism (CB-IV) [Gery et al., 1989]
with adjustments by Zaveri and Peters [1999]. Additional
extensions implemented in RAQMS include a four-product
isoprene oxidation scheme and the semiexplicit treatment of
propane. Climatological emissions include anthropogenic
and natural sources and are based largely on 1 � 1 degree
public databases available from GEIA/EDGAR with
updates for Asian emissions from Streets et al. [2003] and
additional biogenic CO sources as described by Duncan and

Bey [2004]. RAQMS biomass burning emissions includes
daily, ecosystem and severity based estimates based on
Moderate Resolution Imaging Spectroradiometer (MODIS)
Terra and Aqua fire detections [Al-Saadi et al., 2008].
Aircraft and lightning NOx emissions are also included.
RAQMS uses the statistical digital filter (SDF) analysis
system [Stobie, 2000; J. M. Stobie et al., The use of
optimum interpolation at AFGWC, paper presented at 7th
Conference on Numerical Weather Prediction, American
Meteorological Society, Boston, Massachusetts, 1985] to
perform an optimal interpolation (OI) based univariate
assimilation of satellite-based trace gas observations.
RAQMSmeteorological forecasts are initialized fromNOAA
Global Forecasting System (GFS) analyses at 6-h intervals.
For further details on the RAQMS chemical mechanism and
assimilation system see Pierce et al. [2007].
[5] The RAQMS TexAQS II chemical analysis includes

assimilation of cloud cleared Ozone Monitoring Instrument
(OMI) total column ozone OMI-TOMS collection 2 retriev-
als [Levelt et al., 2006a, 2006b] and Version 2 (V002) ozone
and carbon monoxide retrievals from the Tropospheric
Emission Spectrometer (TES) nadir global survey measure-
ments [Beer, 2006]. The OMI column ozone assimilation
uses only cloud cleared retrievals and accounts for the
vertical variation in retrieval sensitivity by convolving the
model first guess ozone profile with the zonal mean, time
averaged sensitivity and the 3D monthly ozone profile
climatology (a priori) used in the OMI-TOMS retrieval
algorithm prior to computing a first guess ozone column.
Level 2 (L2) OMI-TOMS ozone retrievals are assimilated at
6-h intervals by aggregating measurements within ±3 h of
0000, 0600, 1200, and 1800 UT. The resulting total column
ozone analysis increment (observation�first guess, O-F) is
used to adjust the RAQMS first guess ozone profile by
applying a uniform percentage adjustment throughout
the column. Comparisons between correlative airborne
measurements and OMI-TOMS total column ozone
retrievals show agreement to within less than 1.0% [Kroon
et al., 2008].
[6] The RAQMS TES O3 and CO assimilation occurs at

1-h intervals and uses the averaging kernel (a measure of the
vertical sensitivity of the retrieval) and a priori provided in
the TES L2 data product. The TES a priori is based on
monthly mean mixing ratios from the Model for OZone
And Related chemical Tracers (MOZART) [Brasseur et al.,
1998] chemical transport model. Retrievals from daily TES
global survey mode observations between 60�S and 60�N
were assimilated owing to low sensitivity to lower tropo-
spheric ozone in polar latitudes. O3 and CO retrievals with a
‘‘master’’ quality flag (SpeciesRetrievalQuality) equal to
one are considered to be of good quality [Osterman et al.,
2007] and are candidates for assimilation. Since the TES L2
quality flags have been developed primarily for tropospheric
retrievals we restricted assimilation of TES CO to below the
local tropopause while TES O3 was assimilated when either
the first guess or retrieved ozone mixing ratio was less then
1 ppmv. Because we apply the TES averaging kernel to the
RAQMS first guess as part of the TES observation operator,
the resulting analysis increment is relatively smooth in the
vertical. Consequently, smaller-scale vertical features that
are resolved in the RAQMS first guess are retained. Because
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we include the TES a priori in the TES observation operator,
the influence of the a priori in the retrieval is removed from
the analysis increment. Under cloud free conditions, TES
nadir ozone profiles have approximately four degrees of
freedom giving an estimated vertical resolution of about
6 km in the troposphere [Bowman et al., 2002, 2006;Worden
et al., 2004]. Comparison with correlative ozonesonde mea-
surements during the period from October 2004 to
October 2006 shows a 3–10 ppbv high bias in tropospheric
ozone [Nassar et al., 2008]. Agreement between TES and
correlative airborne in situ CO profiles ranges from 10% to
35% in the lower and middle troposphere with TES being
lower than the correlative measurements [Luo et al., 2007].
[7] Estimates of the RAQMS forecast error variances for

the assimilation scheme are calculated by inflating the
analysis errors (a byproduct of the analysis) using the error
growth model of Savijarvi [1995]. Constant observational
errors of 10% of the global mean ozone column (OMI) and
10% of the globally averaged ozone on the RAQMS model
levels (TES) are assumed. The quality control employed
during the analysis includes three steps: (1) a gross check
(which marks all observations that are obviously wrong
based on threshold O-F values), (2) suspect identification
(which marks observations that may be wrong based on O-F

values), and (3) a buddy check (which involves performing
the analysis without the gross or suspect observations and
comparing the suspect O-F to the buddy check analysis
increments).
[8] Figure 1 shows August monthly mean comparisons

between the TES+OMI assimilation (RAQMSTES+OMI) and
no-assimilation (RAQMSnoassim) estimates of tropospheric
ozone column (TOC) for August 2006. For these comparisons
the RAQMS 6-h ozone analyses and forecasts were mapped
to the L2 OMI total column ozone retrieval locations, and
then the cloud-cleared assimilated and forecasted TOC was
composited into 1 � 1 degree bins. OMI cloud reflectivity
<15% was used for the cloud clearing. The analyzed and
forecasted TOC both show a broad ozone maximum over
the south central and eastern United States. However, the
analyzed maximum is in excess of 50 DU while the
forecasted maximum is near 45 DU. The analyzed TOC
extends farther out over the western Atlantic than the
forecasted TOC and shows a stronger localized ozone
maximum off the California coast. Correlations between
RAQMSTES+OMI and RAQMSnoassim TOC are high over
both the continental United States (CONUS) and Texas,
with correlations of 0.972 and 0.968, respectively. On
average, the TOC analysis is 3.9 DU higher than the

Figure 1. Comparison between RAQMS TES+OMI assimilation (RAQMSTES+OMI) and RAQMS
no-assimilation (RAQMSnoassim) tropospheric ozone columns (TOC) for August 2006. (top left) Mean
RAQMSTES+OMI TOC (DU). (top right) Mean RAQMSnoassim TOC (DU). Scatterplots of RAQMSTES+OMI

versus RAQMSnoassim over (bottom left) the continental United States and (bottom right) Texas along with
correlation coefficients and mean biases. The continental United States (CONUS) scatterplots are for the
entire region shown in the maps. The Texas scatterplots are for the region within the black box in the top
panels. The solid line shows the 1-to-1 correlation, and the dashed line shows ±20% errors.
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forecasted TOC over the continental United States and
5.5 DU higher over Texas during August 2006.

3. Verification of RAQMS Chemical Analysis

[9] Comparisons among RAQMS analyses, airborne,
balloon and satellite data collected during the study period
are used to verify the model analyses used in this study. We
focus on validation of the analyzed O3 and NO2 since NOx

chemistry tends to dominate background ozone production
[McKeen et al., 1991]. Comparison with satellite trace gas
measurements is used to characterize uncertainties in the
continental-scale RAQMS analysis. Figure 2 shows August
monthly mean comparisons between RAQMSTES+OMI and
OMI based estimates of tropospheric ozone column (TOC)
for August 2006. To estimate TOC from OMI total column
ozone we subtract the stratospheric ozone column
(from RAQMS 6-hourly analyses) from the cloud-
cleared L2 OMI total column ozone retrieval (referred to
as OMI-RAQMSstrat). For these comparisons the RAQMS
6-h ozone analyses were mapped to the L2 OMI total
column ozone retrieval locations, the RAQMS stratospheric
column was subtracted from the OMI total column, and then
the cloud-cleared measured and modeled TOC was

composited into 1 � 1 degree bins. The analyzed and
observed TOC both show a broad ozone maximum in
excess of 50 DU over the south central and eastern United
States thatextendsoutover thewesternAtlanticanda localized
ozone maximum off the California coast. The RAQMS TOC
analysis tends to underestimate the westward extent of the
TOC enhancements relative to OMI-RAQMSstrat and shows
somewhat narrower meridional extent of the TOC enhance-
ments over the western Atlantic. Correlations between
RAQMS and OMI-RAQMSstrat TOC are high over both
the continental United States (CONUS) and Texas, with
correlations of 0.869 and 0.908, respectively. The RAQMS
TOC analysis shows a slight (�1.26 DU) low bias over the
continental United States and a somewhat larger (�2.9 DU)
bias over Texas during August 2006. Comparison of
Figures 1 and 2 shows that the assimilation of OMI total
column ozone and TES ozone profile retrievals results in
significantly better estimates of the large-scale distribution
of tropospheric ozone over the continental United States
and Texas relative to OMI-RAQMSstrat by reducing low
biases in the RAQMS forecasted TOC.
[10] Figure 3 shows comparisons between RAQMS and

OMI tropospheric NO2 retrievals [Bucsela et al., 2006] for
August 2006. For these comparisons the RAQMS 6-h NO2

Figure 2. Comparison between RAQMSTES+OMI and OMI-RAQMSstrat tropospheric ozone columns
(TOC) for August 2006. (TOP LEFT) Mean RAQMS TOC (DU). (TOP RIGHT) Mean OMI-RAQMSstrat
TOC (DU). Scatterplots of RAQMSTES+OMI versus OMI-RAQMSstrat over (bottom left) the continental
United States and (bottom right) Texas along with correlation coefficients and mean biases. The
continental United States (CONUS) scatterplots are for the entire region shown in the maps. The Texas
scatterplots are for the region within the black box in the top panels. The solid line shows the 1-to-1
correlation, and the dashed line shows ±20% errors.
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analyses were mapped to the L2 OMI tropospheric NO2

retrieval locations and then the cloud-cleared measured and
modeled tropospheric NO2 were composited into 1 � 1
degree bins. The relatively coarse horizontal resolution of
the RAQMS analysis does not capture the strong localized
signatures of individual urban centers that are observed by
OMI. However, on a continental scale the correlation
between RAQMS and OMI tropospheric NO2 is relatively
high (0.81) because the regional-scale urban (Los Angeles,
Oakland, Chicago, northeast corridor) and industrial (Ohio
and Upper Mississippi River valleys) sources are resolved.
Background RAQMS NO2 is generally within a factor of
2 of the observed tropospheric NO2 although RAQMS
shows systematically lower background levels over the
eastern and central United States and higher background
levels over the central Atlantic and eastern Pacific, resulting
of continental-scale mean biases of �0.23 � 1015 mol/cm2.
Background tropospheric NO2 levels over eastern Texas are
reasonably well represented with mean biases over Texas of
�0.97223 � 1015 mol/cm2 or 25–50%. However, the
correlation between RAQMS and OMI tropospheric NO2

is very poor over Texas because RAQMS does not resolve
local maxima associated with Dallas, Houston, Austin, and
Del Rio and overestimates background NO2 over the Gulf
of Mexico.

[11] Figure 4 shows comparisons between RAQMS and
NOAA P3 in situ measurements of O3 and NO2 [Ryerson et
al., 2003] within east Texas during TexAQS II. For these
comparisons the RAQMS 6-h O3 and NO2 analyses were
mapped onto the 1-s P3 O3 and NO2 measurements for all
TexAQS II flights (11 September to 13 October 2006) and
then statistics (median, 50th, 90th percentile) where com-
puted in 50 mbar pressure bins. The majority of the P3
flights were within the Houston MSA. RAQMS median
NO2 is up to 20% higher than observed within the Houston
boundary layer (below 850 mbar) and in good agreement in
the free troposphere resulting in an 18% overestimate in the
median NO2 column (obtained by integrating the median
NO2 profile between the surface and 650 mbar). The P3
shows significantly larger variability within the Houston
boundary layer. The observed boundary layer NO2 distri-
bution is highly skewed toward large NO2 mixing
ratios (note the asymmetry in the 50th and 90th percentile)
which would lead to higher mean mixing ratios and is
consistent with the RAQMS underestimate of the mean
Houston NO2 column relative to OMI. The analyzed ozone
is systematically high by 10 ppbv (�15%) throughout the
column relative to the P3. Note that the mean ozone
measured by the P3 is similar to that for the Houston
ozonesondes [Thompson et al., 2008, Figure 5d].

Figure 3. Comparison between RAQMS and OMI tropospheric NO2 for August 2006. (top left) Mean
RAQMStroposphericNO2 (10

15mol/cm2). (top right)MeanOMIRAQMS troposphericNO2 (10
15mol/cm2).

Scatterplots of RAQMS versus OMI NO2 over (bottom left) the continental United States and (bottom
right) Texas along with correlation coefficients and mean biases. The continental United States (CONUS)
scatterplots are for the entire region shown in the maps. The Texas scatterplots are for the region
within the black box in the top panels. The solid line shows the 1-to-1 correlation, and the dashed line
shows ± factor of 2 errors.
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This is in contrast to the underestimate in TOC relative to
OMI-RAQMSstrat.
[12] Observation System Experiment (OSE) studies were

conducted to further quantify the impact of TES and
TES+OMI assimilation on the RAQMS ozone analysis.
As part of IONS-06 [Thompson et al., 2008] 376 North
American ozonesondes were launched during August 2006,
19 of them at the University of Houston (29.7�N, 95.4�W).
A series from 31 July to 11 September 2006, was launched
from the Research Vessel Ronald H. Brown operating in the
Houston-Galveston area. The full set of IONS-06 August
sondes (373 sondes) is used to evaluate RAQMS O3 with no
assimilation, TES assimilation, and combined TES+OMI
assimilation. RAQMS 6-hourly ozone profiles where
horizontally and temporally interpolated to the ozonesonde
measurement location and time and then vertically interpo-
lated onto the full resolution sonde pressure levels. Mean
percentage biases were computed over seven different
pressure ranges to characterize the agreement between the

RAQMS and IONS ozonesondes throughout the tropo-
sphere and stratosphere. The seven pressure ranges span
the column(1000mb to 10mb), stratosphere (100 mbar to
10 mbar), middle stratosphere (50 mbar to 10 mbar), lower
stratosphere (100 mbar to 50 mbar), troposphere (1000 mbar
to 100 mbar), upper troposphere (300 mbar to 100 mbar),
and lower troposphere (1000 mbar to 300 mbar), respec-
tively. Results from this study are summarized in Table 1.
With no ozone assimilation RAQMS systematically under-
estimates the overall column by �8.47% with tropospheric
and stratosphere biases of �5.05% and �12.87%, respec-
tively. The largest biases occur in the middle stratosphere
(�17.63%). Lower tropospheric biases are �6.44% without
assimilation. Assimilation of TES ozone profiles leads
to reductions in overall column biases (�3.46%), and
introduces a slight (3.32%) positive bias in the troposphere.
TES assimilation does not significantly affect the strato-
sphere owing to the <1 ppmv threshold used in the
assimilation. The TES results are consistent with results of

Figure 4. Comparison between RAQMS and NOAA P3 in situ (top) NO2 and (bottom) O3 for all flights
during TexAQS II. Median mixing ratios (ppbv) are indicated by solid (observed) and dashed (RAQMS)
lines. The 50th percentile (red and yellow bars) and 90th percentile (lines) within 50-mbar pressure
intervals are also shown. The mean P3 profile is consistent with the mean of August 2006 ozonesonde
profiles from midday daily launches over Houston [Thompson et al., 2008].
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GEOS-CHEM assimilation of TES retrievals [Parrington et
al., 2008] which show that assimilation of TES increases
tropospheric ozone. The TES+OMI assimilation results in
significant reductions in column, tropospheric, and strato-
spheric biases (all less then 1%), demonstrating the strong
constraint that assimilation of OMI cloud-cleared total
column ozone has on the RAQMS analysis. The combined
TES+OMI assimilation leads to reductions in the middle
stratospheric biases (�5.18%) but introduces relatively
large lower stratospheric high biases (9.51%) which
compensate each other, resulting in very small stratospheric
biases. Similarly, the small tropospheric bias is the result of
compensation between relatively large upper tropospheric
low biases (�11.31%) and lower tropospheric high biases
(12.29%). This lower tropospheric high bias is consistent
with the �15% median bias relative to the P3 in situ
measurements.
[13] The satellite and airborne based verification of the

RAQMS O3 and NO2 analyses indicates that RAQMS is
suitable for assessment of the influences of background
NOx on O3 production over the continental United States.
However, the combined assimilation of TES+OMI introdu-
ces high biases in the lower troposphere. In addition, owing
to the relatively coarse horizontal and vertical resolution of
the RAQMS analysis, urban NO2 mixing ratios are likely
to be underestimated. DOAS measurements of NO2 abun-
dances within the Houston nocturnal boundary layer
show gradients of 20–40 ppbv between the 20�70 m and
130–300 m intervals (J. Stutz, personal communication,
October 2008) which cannot be resolved in the RAQMS
analysis owing to the �60-m height of the lowest model
layer. The inability to resolve high surface NO2 abundances
leads to underestimates in nighttime O3 titration within the
RAQMS model which subsequently leads to overestimates
in daytime ozone within urban areas. These two factors
necessitate the use of bias corrections for direct comparisons
with AIRNow surface ozone measurements.
[14] The RAQMS analysis shows mean nighttime

(0600 UT or 0100 local time (LT)) biases of 29.39 ppbv
and mean daytime (1800 UT or 1300 LT) biases of
25.21 ppbv relative to the 33 AIRNow sites within the
Houston MSA. We attribute this large overestimate in
surface ozone within the Houston MSA to underestimates
in nighttime titration of ozone under high urban NOx

environments. The RAQMS analyses shows mean nighttime
biases of 16.39 ppbv and mean daytime biases of 18.41 ppbv
relative to the 13 AIRNow sites within the Dallas MSA. We
attribute this smaller overestimate in surface ozone within the

Dallas MSA to less nocturnal titration of surface ozone.
The role of nocturnal ozone titration in determining the
high biases relative to urban AIRNow measurements is
further supported by investigation of the Clarksville, Texas,
AIRNow (site id 483870648, CAMS 648) which is a rural
site located in northeast Texas near the Oklahoma border
(95.06�E, 33.62�N). The Clarksville site is only occasionally
influenced by urban emissions with only five titration
events (nighttime ozone is less than 10 ppbv) during
August–September 2006. The RAQMS analyses shows
mean nighttime biases of 12.78 ppbv and mean daytime
biases of 13.96 ppbv at Clarksville, Texas. These biases are
in good agreement to the overall 12–15% high bias in the
RAQMS analysis that was found in comparisons to the P3
and lower tropospheric IONS-06 ozonesonde measure-
ments, which we attribute to assimilation of TES+OMI
ozone retrievals.

4. Results

[15] Darby [2005] examined the impact of local wind
patterns on surface ozone within the Houston metropolitan
area during the 2000 TexAQS campaign and found that
high-ozone days typically occurred during periods where
the local (onshore) gulf breeze and large-scale (offshore)
synoptic flow lead to small-scale convergence zones within
the Houston area. These sea-breeze-induced convergence
zones result in a band of weak or stagnate winds and occur
when afternoon southeasterly to southerly sea breeze
followed early morning weak northwesterly offshore
synoptic flow. The east-west orientation of the sea-breeze
convergence zone results in a buildup of ozone precursors
over parts of Houston, leading to rapid ozone production
(up to 140 ppbv/h) [Daum et al., 2004].
[16] The synoptic situation that contributes to the Houston

high-ozone events (weak offshore flow) often occurs in
association with weak cold fronts which pass over east
Texas and become stationary just offshore in the Gulf of
Mexico. The synoptic circulation associated with these
‘‘trailing cold fronts’’ can lead to synoptic-scale convergence,
accumulation of ozone precursors, and sustained ozone
production during continental-scale transport. Rappengluck
et al. [2008] examined synoptic flow patterns and surface
ozone levels during August–September 2006 and found that
Houston experienced high background surface ozone under
postfrontal northerly or easterly transport of dry continental
air at 850 hPa. Analysis of Houston ozonesonde data during
2006 [Morris et al., 2009] shows that background ozone

Table 1. Results of OSE Studies of the Impact of TES and Combined TES+OMI Ozone

Assimilation on the RAQMS Chemical Analysisa

No Assimilation TES Assimilation TES+OMI Assimilation

Column bias (%) �8.47 �3.46 +0.30
Stratospheric bias (%) �12.87 �12.17 +0.06
Middle stratosphere bias (%) �17.63 �17.60 �5.18
Lower stratosphere bias (%) �4.31 �2.40 +9.51
Tropospheric bias (%) �5.05 +3.32 +0.49
Upper troposphere bias (%) �3.65 +2.21 �11.31
Lower troposphere bias (%) �6.44 +4.42 +12.29

aBiases are determined with respect to August 2006 IONS ozonesonde data. [Thompson et al., 2007, 2008],
consisting of more than 370 profiles during TexAQS-II. The accuracy of the sondes in the troposphere is �5–7%
[Smit et al., 2007].
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levels ranged from 30 ppbv (marine) to nearly 60–70 ppbv
(continental) throughout the lower troposphere. The current
analysis extends these studies by using the RAQMS chemical
analysis and ensemble Lagrangian trajectory techniques to
characterize the amount of ozone production that occurs
during synoptic-scale transport prior to arrival in the Houston
and Dallas MSAs.
[17] Figure 5 provides an example of sustained back-

ground ozone production associated with a weak cold front
that impacted ozone the Houston MSA on 2 September
2006. A map of Lagrangian averaged ozone production-loss
(P-L) over the previous 5 days valid at 1300 LT on
2 September 2006 is obtained using Reverse Domain Filling
(RDF) techniques [Sutton et al., 1994]. To construct the
map, a uniform (0.25� � 0.25�) grid of trajectories is
initialized at the lowest model level (�60 m) at 1300 LT
on 2 September and the LaRC trajectory model [Pierce and
Fairlie, 1993] is used to predict 5-day back trajectories.
RAQMS 6-hourly averaged ozone P-L predictions are then
averaged along each trajectory and the resulting Lagrangian
mean O3 P-L is then mapped back onto the original uniform
grid. A region of high Lagrangian averaged O3 P-L
(>15 ppbv/d) extends across Texas from the Louisiana Gulf
Coast toward New Mexico and is associated with north-
northwesterly surface winds behind a surface low-pressure
system that was centered over Virginia on 2 September.
Lagrangian averaged O3 P-L of 15 ppbv/d could potentially
increase background ozone by 75 ppbv during transport to
Houston. However, much of this in situ production is offset

by depositional losses and turbulent boundary layer mixing
processes as the air mass is transported from the upper
Midwest to Houston. Five-day ensemble back trajectories,
initialized at the locations of Houston and Dallas U.S. EPA
AIRNow sites, are also shown in Figure 5. These ensemble
AIRNow back trajectories serve as the basis for our esti-
mates of the impact of background ozone on Houston and
Dallas ozone. The Houston ensemble back trajectories show
that the air mass with high Lagrangian averaged O3 P-L had
its origins in the upper Midwest, passed over Chicago, and
was then advected southward along the lower Mississippi
River valley prior to arrival in Houston. The Dallas ensemble
back trajectories originated farther to the northeast in Ontario,
passed to the south of Chicago, and moved into Dallas along
the lower Mississippi River Valley.
[18] Figure 6 shows time series of the Lagrangian

chemical evolution of ensemble back trajectories initialized
from the Houston AIRNow sites at 1300 LT on 2 September
2006. Initial (�120 h) ensemble mean ozone mixing ratios
are near 40–45 ppbv and reach 85 ppbv by the time they
arrive in Houston. All of the Houston trajectories remain
within the continental boundary layer which shows large
diurnal growth along the 5-day back trajectories. Ensemble
mean O3 P-L reaches up to 30–40 ppbv/d in conjunction
with increases in NOy of up to 50 ppbv/d at �80 h (day 4).
The largest Lagrangian NOy P-L occurs at night owing to
buildup of local NO2 emissions within the shallow nocturnal
boundary layer. The Houston ozonesonde structure in the
lower troposphere during the preceding two days (31 August

Figure 5. Synoptic distribution of 5-day Lagrangian averaged O3 P-L (ppbv/d colored) for parcels
initialized at the surface at 1300 LT on 2 September 2006. Five-day Houston (white) and Dallas (black)
AIRNow ensemble back trajectories initialized at 1300 LT on 2 September 2006 and surface wind vectors
and sea level pressure (mbar) are also shown.
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and 1 September in Figure 5b of Thompson et al. [2008]),
shows mixing within the boundary layer up to 1.7 km. One
can use the sonde concentrations within the BL to estimate
an ozone increase of �35 ppbv/d during this period,
consistent with our Lagrangian analyses.
[19] To quantify the contributions of background ozone

production within the Houston and Dallas MSAs we used
daily 1300 LT ensemble back trajectories initialized from
the U.S. EPA AIRNow sites within each MSA (as illustrated
for 2 September in Figures 5 and 6) to sample the RAQMS
chemical analysis during the period from 15 July through
15 October 2006. Daily ‘‘Background’’ O3 mixing ratios
were determined by ensemble averaging the Houston and
Dallas back trajectories just prior to arrival within the
respective MSA (defined using a 2� radius about Dallas
and Houston). The 2� radius was chosen since it fully
encloses the region of strong urban emissions for both
Houston and Dallas and does not result in any overlap
between the Houston and Dallas MSAs. Daily ‘‘MSA’’ O3

mixing ratios were determined by averaging the predicted
O3 at the Houston and Dallas AIRNow sites. Lagrangian
averaged O3 P-L rates along the back trajectories were used
as a metric to classify back trajectories. The Lagrangian
averages were computed during time periods when the back

trajectories were outside the respective MSA. Three trajec-
tory classes were considered based on ensemble mean
ozone production (EM P-L): (1) enhanced background
ozone production (EM P-L > 10 ppbv/d), (2) moderate
background ozone production (0 < EM P-L < 10 ppbv/d),
and (3) background ozone destruction (EM P-L < 0 ppbv/d).
[20] Ensemble back trajectories were computed for

33 U.S. EPA AIRNow sites in the Houston MSA. A time
series depiction of the RAQMS back trajectory analysis of
background influences on Houston O3 is shown in Figure 7.
The red line shows the observed Houston MSA mean and
standard deviations of the 1300 LT AIRNow surface mea-
surements. Periods with MSA mean ozone above 60ppbv
(considered high-ozone days in this analysis) are indicted by
asterisks. The blue lines show ensemble means from the
RAQMS back trajectories. The solid blue is the predicted
MSA mean (at Houston AIRNow sites) and the dashed blue
is the predicted background mean. Both of the RAQMS
time series were bias corrected using a constant correction
of �25.2 ppbv to adjust for RAQMS overestimates in
surface ozone relative to the Houston AIRNow sites. The
RAQMS MSA mean does a good job of tracking
the observed daily variations in Houston surface ozone
although the RAQMS analysis underestimates peak MSA

Figure 6. Lagrangian time series of ensemble chemical evolution for AIRNow surface back trajectories
initialized at 1300 LT on 2 September 2006. (top left) Ensemble O3 (ppbv), (top right) NOy emissions
(ppbv/d), (bottom left) altitude (meters), and (bottom right) O3 P-L (ppbv/d) versus time (hours). The dots
are the individual ensemble members and the solid line is the ensemble mean. Plus signs in the plot of
ensemble altitude indicate the ensemble mean location of the top of the boundary layer.
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mean ozone during the high-ozone events. The RAQMS
background mean shows that in general, periods of high
ozone within the Houston MSA are associated with high
background ozone along the ensemble Houston back
trajectories. The difference between the RAQMS MSA
and background mean time series indicates the amount of
ozone produced within the Houston MSA according to
RAQMS. During periods when Houston experiences low to
moderate ozone, such as 24 July to 28 August and
27 September to 15 October, the bias-corrected RAQMS
MSA mean is in good agreement with the observed MSA
mean. During periods when Houston experiences high ozone
(indicated by asterisks), the bias-corrected RAQMS MSA
mean tends to be underestimated. The color bar along the
upper part of the time series indicates the background
influence classification based on the ensemble mean ozone
production on each day. During the first half of the TexAQS II
analysis period (prior to 28 August), Houston inflow was
dominated by background ozone destruction (Class 3) with
only 1 day with observed MSA mean ozone greater than
60 ppbv. During the second half of the TexAQS II analysis
period (28 August), Houston inflow was dominated
by moderate to enhanced background ozone production
(Classes 1 and 2). Enhanced regional ozone production
influenced the Houston MSA on 10% of the days during

15 July to 15 October 2006 TexAQS II period. However, the
Lagrangian analysis shows that enhanced background O3

production as associated with six out of nine periods with
high O3 within the Houston MSA during the study period.
[21] Periods when background ozone destruction (Class 3)

influences the Houston MSA occurred on 48% of the
days during the study period and are associated with
synoptic-scale onshore flow from the Gulf of Mexico.
Periods when moderate or enhanced background ozone
production influences Houston MSA occurred on 42% of
the days during the study period and are associated with
synoptic-scale flow patterns that bring continental air
masses into the Houston MSA. Maps of mean RAQMS
O3 P-L and NOy source strengths for days when enhanced
background O3 production (Class 1) impacted the Houston
MSA are shown in Figure 8. These maps were constructed
by binning hourly estimates of O3 P-L and NOy P-L along
the Class 1 trajectories in 2� � 2� latitude and longitude
bins during the period from 10 July through 15 October
2006. Houston enhanced regional O3 production events
have a Midwest/Ohio River Valley source with significant
O3 P-L (40 ppbv/d) due to high NOx sources (30 ppbv/d)
along the southern Great Lakes. Houston also contributes
to enhanced background O3 production events owing to
recirculation of Houston emissions.

Figure 7. Time series of Houston AIRNow MSA (red line), bias-corrected RAQMS MSA (solid blue
line), and bias-corrected RAQMS background (dashed blue line) ensemble mean ozone (ppbv) during the
period from 15 July (Julian day 196) to 15 October (Julian day 288) 2006. The colored bar at the top
indicates the air mass classification based on the ensemble mean background O3 P-L (enhanced,
moderate, or destruction) on each day.
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[22] Ensemble back trajectories were run for 13 U.S. EPA
AIRNow sites in the Dallas MSA. Figure 9 shows the
Lagrangian time series analysis of background influences
for Dallas. The RAQMS ensemble mean MSA and back-
ground ozone time series have been adjusted by �18.4 ppbv
to account for the high bias relative to the Dallas AIRNow
measurements. The bias-corrected RAQMS prediction of
Dallas MSA ensemble mean O3 tracks the evolution of the
observations quite well, although again, periods with high
ozone tend to be underestimated. Dallas is less influenced
by periods of background ozone destruction then Houston,
with only 28% of the days during the study period showing
ensemble mean ozone destruction. Instead, periods of
moderate background ozone production dominate the Dallas
inflow, accounting for 60% of the days during the study
period. Enhanced regional ozone production influenced the
Dallas MSA on the remaining 12% of the days during the
study period. Overall, 7 out of 15 Dallas periods with
elevated O3 (greater than 60 ppbv) were associated with
enhanced background ozone production during the TexAQS
II analysis period. Figure 10 shows the map of mean O3 P-L
and NOy source strengths for days when enhanced back-
ground O3 production impacted the Dallas MSA. On
average, periods of enhanced background O3 production
events in Dallas have a broad Great Plains/Midwest/Ohio
River Valley source with significant O3 P-L (20–30 ppbv/d)
due to Chicago and Houston NOx sources which reach
40 ppbv/d and >30 ppbv/d, respectively.

5. Sensitivity Analysis

[23] The sensitivity of our results to the assumed 2� radius
for determining ‘‘background’’ verses MSA O3 mixing
ratios was explored by considering a 4� radius for ensemble

averaging the Houston and Dallas back trajectories prior to
arrival within the respective MSA. Using a 4� radius results
in a 40% reduction for Houston and a 30% reduction for
Dallas in the number of days that are classified as periods
with enhanced background O3 production. The reduction in
enhanced background ozone classifications results in two
Houston high-ozone days (30 August and 8 September) and
one Dallas high-ozone day (19 August) that are reclassified
as moderate background ozone production using a 4� radius
around the respective MSAs. Consequently, enhanced back-
ground O3 production is associated with 4 out of 9 Houston
periods and 6 out of 15 Dallas periods with elevated O3

(greater than 60 ppbv) during the study period using a 4�
radius. In addition, there are 3 days (18 July, 24 July, and
29 September) where the Houston back trajectories remain
within 4� of Houston for the entire 5-day period.
[24] A 4� radius around Houston covers all of east Texas

(including urban emissions from Dallas, Austin, Waco, and
Brownsville) and most of Louisiana. Similarly, a 4� radius
around Dallas covers most of east Texas (including urban
emissions from Houston, Austin and Waco) and most of
Oklahoma. Consequently, the enhanced background O3

production classification using a 4� radius excludes intrare-
gional transport events (i.e., effects of Houston emissions on
Dallas). The sensitivity tests show that intraregional trans-
port accounts for a significant fraction of the days with
enhanced background ozone production for both Houston
and Dallas.

6. Summary and Conclusions

[25] This study demonstrates how global chemical data
assimilation systems, combined with Lagrangian trajectory
techniques, can be used to quantify the impacts of back-

Figure 8. Map of source contributions for Houston Class 1 (background P-L > 10ppbv/d) days. (left)
Mean O3 P-L (ppbv/d) and (right) NOy emissions (ppbv/d) are colored.
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Figure 9. Same as Figure 7 for Dallas MSA.

Figure 10. Same as Figure 8 for Dallas MSA.
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ground ozone production on the Houston and Dallas
metropolitan areas. Satellite based verification of the
RAQMS chemical analysis, which shows that the observed
continental-scale tropospheric ozone and NO2 columns are
well represented in the RAQMS analysis, provide confidence
that RAQMS estimates of background ozone production are
reasonable. Results of ensemble mean Lagrangian studies
show that the majority (6 out of 9 or 66%) of the periods
of high ozone in Houston were associated with periods of
enhanced background ozone production. Source apportion-
ment studies show that 5-day Lagrangian averaged O3 P-L in
excess of 15 ppbv/d can occur during continental-scale
transport to Houston owing to NOy enhancements from
emissions within the southern Great Lakes as well as recir-
culation of the Houston emissions. Slightly less than 50%
(7 out of 15) of the days with high ozone in the Dallas MSA
show enhanced background ozone production associated
with NOy enhancements from emissions within Chicago
and Houston. Sensitivity studies with a 4� versus 2� radius
threshold for defining ‘‘background’’ conditions were
conducted to examine the contributions from intraregional
transport events. These sensitivity studies showed that 40%
of the Houston and 30% of the Dallas periods with enhanced
background ozone production were associated with east
Texas intraregional transport events. If these events are
excluded from the enhanced background ozone production
classification then the ensemble Lagrangian studies show that
44% (4 out of 9) of the Houston and 40% (6 out of 15) of the
Dallas days with high ozone show enhanced background
ozone production associated with sources outside of east
Texas during the study period.
[26] These results are broadly consistent with aircraft-

based estimates of background ozone contributions during
TexAQS II reported by Kemball-Cook et al. [2009]. They
used upwind aircraft measurements to provide an estimate
of background ozone concentrations and found that trans-
ported ozone contributed an average of 60 ppbv during the
four Houston ozone exceedance days that were analyzed
during 2006. However, direct comparisons with our
estimates cannot be made, since the upwind aircraft mea-
surements were still within the Houston and Dallas MSAs,
whereas our background ozone estimates represent regional-
to continental-scale inflow conditions that are 2� (�190 km)
away from the Houston MSA. These results should also be
interpreted in light of Houston and Dallas aircraft-based
verification of the RAQMS chemical analysis which
shows that while RAQMS captures the median profiles of
NO2 and O3 over eastern Texas, at a horizontal resolution of
2 � 2 degrees RAQMS tends to significantly underestimate
NO2 variability, particularly at the high end of the observed
NO2, thereby underestimating rapid daytime ozone produc-
tion and nighttime ozone titration within urban plumes. This
underestimate of urban photochemistry not only impacts our
estimates of local ozone production within Houston and
Dallas but also our estimates of net O3 P-L within the
remote urban centers that are identified as source regions in
the Lagrangian analysis. Continental-scale, high-resolution
modeling studies should be conducted to address these
issues.
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