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ABSTRACT

This study analyzes wind patterns in the Dallas–Fort Worth (DFW) area to gain a clearer understanding of

meteorological patterns that have historically led to ozone exceedances in this region. Using a clustering

algorithm called ‘‘self-organizing maps,’’ we analyzed five notable characteristic regional wind patterns that

occurred between April and October in 2000–14. A regional-scale high pressure system, cluster 2, produced

weak southeast winds over DFW and accounted for 35.2% of ozone exceedances. Clusters 1 and 5, charac-

terized by southwesterly winds over the DFW area, were together associated with one-third of total ozone

exceedances and show quantifiable impacts of the Barnett Shale region on downwind ozone production.

Cluster 3, associated with Bermuda-high conditions, had relatively lower ozone in DFW (45.3 ppbv) resulting

from transport of lower background ozone from the Gulf of Mexico. For clusters that produce southeasterly

or southwesterly winds over Houston, ozone values in DFW were always larger than those in Houston.

Further, to determine the potential impact of Houston pollution on DFW ozone, a sensitivity simulation with

no Houston emissions and a base simulation were performed. The difference between the simulations re-

vealed ozone enhancements of 1–2 ppbv and coincident enhancements in NOy under south-southeasterly

wind conditions. From these results, we conclude that downwind pollution from Houston and the Barnett

Shale area exacerbates DFW ozone concentrations, underscoring the impacts of specific wind patterns on air

quality in DFW.

1. Introduction

Tropospheric ozone not only acts as a potent green-

house gas in the upper troposphere but also threatens

vegetation and human health in the lower troposphere

(Lefohn and Foley 1993). Ozone is photochemically

produced in the presence of ultraviolet radiation

through reactions between nitrogen oxides (NOx) and

volatile organic compounds (VOCs) emitted anthro-

pogenically and biogenically. Regulations pertaining

to ozone precursor emissions over the past 20 years

have significantly decreased ozone concentrations in

rural and urban areas. Cooper et al. (2012) analyzed the

95th-, 50th-, and 5th-percentile ozone across the United

States and found overall decreasing trends in rural and

urban areas across the United States over the past

20 years. A related study by Simon et al. (2015) showed a

decrease of 1–2 ppbvyr21 in 95th-percentile ozone during

summer across the United States, the result of relative

decreases inNOx andVOCs. Comparable trends in 95th-,

50th-, and 5th-percentile ozone have also been observed

despite increased emissions from Asia (Lin et al. 2017).

Similar trends have been observed over large cities in

Texas, where decreases in NOx and/or VOCs have led to

long-term decreases in ozone levels (Choi and Souri

2015; Lefer et al. 2010). As a result, Dallas–Fort Worth

(DFW) and Houston, Texas, subsequently experienced

decreases in ozone exceedances between 2000 and 2015.Corresponding author: Yunsoo Choi, ychoi6@uh.edu
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These decreasing trends are largely the result of stricter

laws regulating the emission of ozone precursors con-

tributing to the decrease in background levels of ozone

(Suciu et al. 2017). While a majority of studies on ozone

in Texas have concentrated on Houston, comparatively

little work has examined the characteristic meteoro-

logical patterns and subsequent trends associated with

ozone over DFW. This area is one of the fastest-growing

cities in the United States and is the fifth-largest met-

ropolitan area in the country. According to the 2015U.S.

Environmental Production Agency (EPA) 8-h ozone

standard (https://www3.epa.gov/airquality/greenbook/

jnca.html#Ozone_8-hr.2015.Dallas), DFW is classified as

a moderate nonattainment area with a design value of

79 ppbv for 2017. Similar to Houston, the DFW region

can be broken down into two ozone precursor emission

regions. TheurbanDFWarea is primarily aNOx-saturated

environment with mobile emissions being the dominant

emission source of NOx and VOCs (Kim et al. 2011).

West of DFW is a relatively VOC rich area that includes

the Barnett Shale region, one of the largest natural gas

extraction areas in the United States (Ahmadi and

John 2015). This same study found that, starting in

2007, Barnett Shale gas production increased dramat-

ically and corresponded to increased levels of ozone

pollution downwind of the Barnett Shale over DFW.

The interaction of ozone precursors with specific me-

teorological conditions can lead to ozone exceedances

over the DFW region.

In one of the first studies to investigate the meteoro-

logical processes that result in conditions favorable for

high-ozone days overDFW,McNider et al. (2005) found

that the deformation of stationary fronts south of DFW

caused a lack of dilution and a buildup of ozone along

the weak convergence zone. Previous modeling studies

have concluded that days with high ozone over DFW

are influenced primarily by the intrastate transport of

enhanced background ozone (Kemball-Cook et al. 2009;

Kim et al. 2009; Pierce et al. 2009). While several of these

studies have evaluated ozone background source regions,

none have investigated characteristic wind patterns as-

sociated with distinct DFW ozone regimes and potential

long-term changes in these wind patterns. Other studies

that used clustering techniques to identify representative

wind patterns with different ozone regimes have either

covered short field campaign periods or have been fo-

cused on Houston (Banta et al. 2005; Darby 2005; Ngan

and Byun 2011; Souri et al. 2016a).

This study identified the characteristic regional wind

patterns associated with ozone variability over DFW

and analyzed the associated long-term ozone trends. As

compared with previous wind-pattern clustering studies,

this study explored a different clustering algorithm that

offers several advantages over other methods. We

employed a chemical transport model to quantify any

potential ozone enhancements over DFW resulting

from the transport of ozone and ozone precursors from

Houston. The results of this study provide a better

understanding of the regional meteorological impact

on air quality and provide a perspective on future air

quality scenarios.

2. Data and methods

a. Ozone and meteorological data

We obtained ozone data from 24 Texas Commission

on Environmental Quality continuous ambient moni-

toring stations (CAMS) located in a 28 200-km area

centered over the DFW area (Fig. 1, right panel). The

dataset also included stations outside the urban area,

especially north of DFW, the location of the current

design value site (Denton, Texas). For every station

in the DFW domain, we calculated the maximum 8-h

average (MDA8) ozone each day and then averaged

the values from all of the stations, generating a single

value for every day.

To evaluate the characteristic wind patterns, we ana-

lyzed North American Regional Reanalysis (NARR) U

and V wind-component data, which have a horizontal

grid spacing of approximately 32 km and temporal res-

olution of 3 h. From the 29 available pressure levels, we

selected 900hPa as a sufficient level for determining

characteristic wind patterns over the southern United

States from recent work by Souri et al. (2016a). Addi-

tionally, we tested all lower-tropospheric pressure levels

and determined that 900hPa led to the most successful

wind-pattern clustering. Evidence of successful cluster-

ing was the presence of multiple expected wind patterns

such as the Bermuda high during the summer months

and weak stagnant winds during the months with the

most ozone exceedances. To capture the daytime vari-

ation in the wind, we used 3-hourly data covering only

daytime photochemically active hours.

Additional NARR data variables used in this anal-

ysis were the daily mean 2-m temperature, downward

shortwave radiation flux at the surface, and 2-m rela-

tive humidity. The NARR domain for these parame-

ters was 3 3 5 grid cells that specifically covered the

area where CAMS are located across DFW. For every

day of this analysis, we calculated the domain mean for

each of these parameters. The CAMS and NARR data

covered April to October (3150 days) from 2000 to

2014 (15 years). Specifically, for the analysis of long-

term ozone trends over DFW, the CAMS data cover-

age was expanded to include data from 2015 and 2016.
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The month range used in this study was determined

from the annual distribution of ozone exceedances.

Additional information about the seasonal distri-

bution of ozone exceedances appears in the results

section.

b. Self-organizing-maps clustering

Self-organizing maps (SOM) is an artificial neural

network algorithm that is trained using unsupervised

learning. Developed by Kohonen (2001), SOM is one of

the most widely used clustering algorithms, along with

k means. As compared with k means, in which cluster

centroids are independent, SOM allows the neurons or

clusters to move topologically on an n-dimensional grid.

The movement of neurons is performed by a built-in

neighborhood function that determines the distance be-

tween the neurons responsible for neuron interactions.

The neighbor-weighted distance between the neurons

allows for neurons to be combined on the basis of their

similarity to (distance from) each other. The code used to

perform SOM clustering is from the SOM Toolbox,

available fromMATLAB (Vesanto et al. 2000). SOMhas

been implemented in a number of previous meteorolog-

ical and atmospheric chemistry studies (Glisan et al. 2016;

Katurji et al. 2015; Pearce et al. 2011; Stauffer et al. 2016).

For SOM clustering, this study usedU andVwind data

as inputs and incorporated an 81 3 81 gridcell domain

covering Texas, Oklahoma, Louisiana, Arkansas,

Alabama, Mississippi, western Tennessee, southern

Kansas, Missouri, and Illinois (Fig. 1, left). To re-

duce redundancy in the data, we performed principal

components analysis (PCA) on theU and V data prior to

inputting them into the SOMalgorithm and then used the

output components from the PCA as inputs into SOM.

Before running SOM, we defined the dimensions of the

neurons, whose products represented the number of

clusters observed in the output of SOM. Although the

dimension size (or the number of clusters) is fixed, the

neighborhood distances (or distances between clus-

ters) allowed clusters to be combined.

c. Model setup

This study utilized the EPA’s Community Multiscale

Air Quality (CMAQ) model, version 5.0.2 (Byun and

Schere 2006), to simulate ozone over DFW. This same

model has been used by previous studies to investigate air

quality issues over Houston (Byun et al. 2007; Czader

et al. 2015; Diao et al. 2016a; Li et al. 2016; Pan et al. 2015;

Souri et al. 2016b). We compiled anthropogenic emis-

sions from theEPA’sNational Emission Inventory (NEI)

for 2011 and prepared the modeling using the Sparse

Matrix Operator Kernel Emissions Modeling System

(SMOKE), version 3.6 (Houyoux et al. 2000). We ob-

tainedmeteorological inputs using theWeather Research

and Forecasting (WRF) Model, version 3.7 (Skamarock

and Klemp 2008), and extracted biomass-burning emis-

sions from the Fire Inventory from the National

Center for Atmospheric Research (FINN, version 1.5;

Wiedinmyer et al. 2011). Since the inventory was not

provided for the CMAQ chemical mechanism, the FINN

Model for Ozone and Related Chemical Tracers, version

4 (MOZART-4), mechanism was mapped onto Carbon

Bond Mechanism 2005/Aerosol Module 2006 (CB05/

AERO6). The model used motor vehicle emissions in-

puts from the EPA Motor Vehicle Emissions Simulator

(MOVES) model, and the domain was mapped over the

contiguousUnited States with a coverage of 4593 299 grid

cells at 12-km grid spacing.

3. Results and discussion

a. Monthly exceedance distribution and long-term

ozone trends

In this section, the monthly distribution of ozone exceed-

ances and long-term trends forozoneoverDFWispresented

FIG. 1. (left) The regional domain used for clustering (blue) and the domain overDFW(red) for CAMSdata used

for ozone analysis. HOU indicates the Houston area. (right) Zoomed-in view of DFW showing the individual

CAMS stations.
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prior to discussing the results of the wind-pattern analysis.

The monthly distribution of ozone exceedances for each

MDA8 ozone standard from 2000 to 2016 is shown in

Fig. 2 (left panel). For all of the standards, exceed-

ances steadily increased from April to June, but in

July the number of exceedances decreased for all of

the standards relative to the previous month. This

decrease in ozone exceedances in July has been well

documented in previous studies, which have attrib-

uted this finding to the location and strength of the

Bermuda high transporting relatively clean air from

the Gulf of Mexico into the southern plains during

the summer months (Choi and Souri 2015; Wang et al.

2016; Zhu and Liang 2013). The majority of ozone

exceedances occurred in August and September when

meteorological conditions were optimal for efficient

ozone production.

On the basis of the results of the analysis of the

seasonal distribution of ozone exceedances, we in-

cluded April and October in the wind-pattern analysis

to capture the full distribution of ozone exceedances.

We analyzed 95th-, 50th-, and 5th-percentile MDA8

ozone for each year and fit a linear trend (Fig. 2, right

panel) to evaluate the long-term trends for DFW. Be-

ginning in 2000, all of the percentiles exhibited

downward trends, with the 95th-percentile MDA8

decreasing at a statistically significant rate of

1.20 ppbv yr21. The overall decreasing trend in MDA8

ozone was primarily the result of the decreasing emis-

sions of ozone precursors (Choi and Souri 2015). We

analyzed wind-pattern clusters to determine the different

meteorological patterns and their associated ozone re-

gimes over DFW.

b. Clusters and their characteristics

To identify distinct wind clusters, we tested multiple

configurations of the principal components and di-

mensions of SOM—a combination of 4–60 principal

components and 6–36 neurons—to find the combina-

tion that achieved the optimal amount of variance (at

least .80%). At 200 epochs with a constant learning

rate, we tested SOM under multiple neuron configura-

tions and selected dimensions of 5 3 5 (25 neurons)

because they produced the largest amount of variability

between the clusters. After running multiple iterations

using these dimensions, SOM generated a neighbor-

weighted distance output; this is one of the benefits

of SOM. It allowed for the further manual combina-

tion of neurons on the basis of the neighbor-weighted

distance with a smaller neighbor-weighted distance

between neurons, indicating that they more closely

resembled one another, and vice versa. The combina-

tions of neurons (clusters), determined by their topo-

logical relationships, formed 11 wind-pattern clusters

from which we calculated statistics relating to fre-

quency, ozone, and meteorological conditions. The re-

mainder of this paper focuses on five of these wind-pattern

clusters (Table 1). (The remaining six clusters, not

shown here, appear in Fig. A1 in the appendix with

their statistics.) The wind patterns and spatial ozone

observations of these five clusters are plotted in Fig. 3

with a description of each below. The long-term ozone

FIG. 2. (left) A monthly distribution of ozone exceedances over DFW for 70-, 75-, and 80-ppbv MDA8 standards from 2000 to 2016.

(right) Long-term trends in DFW MDA8 ozone for the 95th, 50th, and 5th percentiles from 2000 to 2016. Trends that were determined

to be statistically significant have their corresponding equation shown in boldface type.
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trends for each cluster are plotted in Fig. 4, and the

monthly frequency distributions for each cluster are

plotted in Fig. 5.

1) CLUSTER 1

Cluster C1 represented a wind pattern with southerly

and southwesterly winds overDFWwith relatively clean

marine air transported into the eastern half of Texas

because of the fetch from the Gulf of Mexico. The ori-

entation of this wind pattern was due to the placement

of a synoptic-scale high pressure system that was located

over the southeastern United States. During the 15-yr

study period, this cluster occurred 15.4% of the time,

accounted for 16.0% of the total ozone exceedances,

and had exceedances 28.4% of the time it occurred. The

station plot (located below the wind-pattern plot in

Fig. 3) indicates that the ozone was relatively higher

in the northern and northeastern part of the domain,

which was the result of southwesterly winds transporting

VOCs from the Barnett Shale area and NOx from

urban DFW downwind to produce ozone. While the

effects of Barnett Shale VOCs on ozone might be in-

cremental (Rutter et al. 2015) relative to urban DFW,

previous work has suggested that the transport of

VOCs from the Barnett Shale area plays an important

role in ozone variability across DFW (Ahmadi and

John 2015). The associated long-term ozone trends

showed statistically significant decreases at the 95th per-

centile resulting from the aforementioned decreases

in ozone precursor emissions (Fig. 4). In an analysis

of the seasonal occurrence of this cluster, C1 oc-

curred most often during autumn (September and

October).

2) CLUSTER 2

Cluster C2 was associated with weak, stagnant con-

ditions over the eastern half of Texas caused by a weak

high pressure system located over Arkansas and

Oklahoma. This pattern was associated with weak

easterly and southeasterly winds over the DFW area.

On the basis of this wind pattern, a lack of dilution

and the favorable transport of NOx and VOCs (from

DFW and Barnett, respectively) led to efficient ozone

production over north and northwest DFW. The air

transported into DFW by this wind pattern contained

relatively higher continental background ozone, which

in addition to local production led to a larger number

of exceedances than noted with any other cluster.

Numerous studies have shown that efficient ozone

production by local sources coincides with days in

which enhanced regional background ozone is present

under these wind-pattern conditions (Blanchard et al.

2008; Kemball-Cook et al. 2009; Pierce et al. 2009).

Using the 5th percentile of MDA8 ozone as a proxy for

background ozone, C2 had the highest 5th-percentile

MDA8 ozone value of 37.0 ppbv. Statistically, during

the 15-yr study period, this cluster also exhibited the

highest CAMS MDA8 ozone in DFW (referred to

as ‘‘DFW CAMS MDA8 ozone’’), 60.7 ppbv, with

exceedances 59.2% of the time it occurred. Although

the expectation is that the combination of the highest

temperatures and largest downward incoming short-

wave radiation would be associated with the highest

DFWCAMSMDA8 ozone, this was not the case. This

cluster was associated with the second-lowest mean

2-m temperature and third-lowest downward short-

wave radiation flux, underscoring the importance

of wind speed and direction to ozone variability

over DFW. Long-term trends in MDA8 ozone re-

vealed statistically significant negative trends in the

95th-percentile ozone and mean ozone as well as the

largest negative trend in 5th-percentile ozone despite

it being statistically insignificant. On a seasonal basis,

C2 occurred most frequently in August and September,

TABLE 1. Frequency and chemical characteristics for each cluster over DFW for 2000–14 (standard deviations are in parentheses).

Boldface values indicate the maximum for the variable.

Clusters Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Occurrences n 486 513 726 420 319

Frequency (%) 15.4 16.2 23.2 13.3 10.1

Exceedances (MDA8 . 70 ppbv) 138 303 142 71 142

Exceedances per cluster occurrence (%) 28.4 59.0 19.6 16.9 44.5

Exceedance percentage (%) 16.0 35.2 16.5 8.2 16.5

DFW CAMS avg MDA8 ozone (ppbv) 50.2 (14) 60.7 (13) 45.3 (13) 44.4 (14) 55.5 (14)

Max MDA8 ozone (ppbv) 114.9 127.9 121.6 117 119.5

5th-percentile MDA8 (ppbv) 29.9 37.0 27.5 23.5 33.0

Mean 2-m temperature (8C) 33.3 (5.3) 32.7 (6.0) 35.3 (4.7) 29.0 (6.7) 33.7 (6.4)

Mean downward shortwave

radiation flux (Wm22)

289.4 (64.6) 296.2 (61.9) 311.8 (56.5) 260.6 (75.2) 307.5 (59.5)

Mean RH (%) 59.6 (13.6) 55.4 (13.1) 58.8 (12.6) 66.9 (12.2) 56.9 (13.9)
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months with the highest number of ozone exceedances

(Fig. 2).

3) CLUSTER 3

Cluster C3 was associated with a moderately strong

high pressure system located over the northeastern Gulf

of Mexico. Relatively clean marine air was transported

into this region from the Gulf of Mexico triggered by

a synoptic feature called the Bermuda high. The posi-

tioning of this high pressure system resulted in strong

southerly and southwesterly winds over the northeast-

ern half of Texas, including DFW. The influence of the

Bermuda high was strongest during the summer months

(June–August) and peaked during July (Fig. 5). This

coincided with the aforementioned decrease in ozone

exceedances in July relative to the previous month

(Fig. 2). The westward extension of the Bermuda high

decreases background ozone values over Texas (Wang

et al. 2016) but increases ozone over the eastern United

States (Shen et al. 2015). Although similar to the pattern

FIG. 3. Each pair of stacked plots indicates meteorological and chemical conditions for each cluster (C1–C5). The top panel of each pair

shows mean 900-hPa wind fields from NARR for clusters 1–5, and the bottom panels show the corresponding surface MDA8 ozone from

CAMS over DFW for 2000–14. The yellow shaded area is the location of the Barnett Shale.

762 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 58

Unauthenticated | Downloaded 08/09/22 08:38 AM UTC



of C1, C3 had a larger wind velocity. In the station plot of

C3, we observed a gradient in ozone that was also similar

to that in C1, but the ozone values were smaller because

of its increased wind speed and dilution. This cluster

occurred the most often with a frequency of 23.2%,

contributed to 16.5% of total exceedance days, and

had exceedances 19.6% of the time it occurred. In-

terestingly, this cluster was associated with the highest

DFW domain mean 2-m temperature and the second-

highest downward incoming shortwave radiation flux,

which coincided with this cluster occurring primarily

during the summer months. However, because of the

transport of relatively low background ozone from the

Gulf of Mexico, this cluster had the second-lowest DFW

CAMS MDA8 ozone. Despite long-term MDA8 ozone

trends showing the largest statistically significant decrease

in 95th-percentile ozone when compared with all other

clusters, the 5th-percentile ozone showed the largest

positive trend even though it was not statistically signifi-

cant. It is not clear if this increasing background ozonewas

from Houston pollution or from enhanced background

pollution from development in the Barnett Shale region.

4) CLUSTER 4

Cluster C4 was associated with a stationary, weak cold

front draped across northern Texas. The southern half

of Texas featured south-southeasterly winds while the

northern half featured north-northeasterly winds. This

area of convergence likely had cloud cover and pre-

cipitation, which hindered ozone production. This was

confirmed by this cluster having the lowest mean down-

ward shortwave radiation flux and the highest relative

humidity. This cluster occurred 13.3% of the time and

had exceedances 16.9% of the time it occurred. It oc-

curred most often at the beginning of spring, decreased

in frequency during summer, and slightly increased in

frequency in autumn with the return of cold fronts

through DFW.

5) CLUSTER 5

Cluster C5 was associated with a wind pattern that

produced weak southwest winds over DFW. A broad

high pressure system located over Florida led to weak

southwesterly flow over the eastern half of Texas with

winds becoming weaker as they moved into northern

Texas. The primary reason for the weak/stagnant winds

was the lack of a pressure gradient over the central and

southern plains. Depending on the direction of the

winds, the Barnett Shale region potentially played a role

in downwind ozone production over DFW. In 2007,

Barnett Shale gas production increased dramatically,

changing levels of ozone pollution. This change was the

FIG. 4. Annual 95th-percentile, mean, and 5th-percentile MDA8 ozone from 2000 to 2014 for DFW for each cluster (solid lines). A

linear fit is applied to all metrics for each cluster (dashed lines), with their corresponding equations listed in each panel. Trends that were

determined to be statistically significant have their corresponding equation boldfaced.
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motivation for a study by Ahmadi and John (2015), who

concluded that areas downwind of shale gas regions

(defined as the Barnett Shale area) incurred posi-

tive changes in the minimum value, 1st-percentile, and

10th-percentile ozone ranging from 0.4 to 5.2 ppbv be-

tween the periods of 2006–07 and 2007–13. Although

the 5th-percentile MDA8 ozone trend was not statisti-

cally significant for this cluster, the 5th-percentile ozone

increased by 3.8 ppbv from 2000 to 2014. This value was

within the range of values reported byAhmadi and John

(2015) and further confirms the impact of the Barnett

Shale on baseline ozone. This cluster, with a DFW

CAMS MDA8 ozone value of 55.5 ppbv, produced the

second-highest number of exceedances (142) (tied with

C3) and exceeded 44.5% of the time it occurred. The

combination of VOC sources from the Barnett Shale

region and the urban DFW emissions led to efficient

ozone production and ozone exceedances downwind

over northern and northeastern DFW. In addition, this

cluster had the second-highest DFW domain mean 2-m

temperature and second-highest mean downward short-

wave radiation flux, which facilitated efficient ozone

production. This cluster occurred most frequently during

the summer months from June to August.

c. Comparison with Houston

The clustering results indicated that the highest ozone

concentrations over DFW occurred under the influence

of weak regional-scale high pressure over eastern Texas

and the lower Mississippi valley. The pattern observed

in this study is similar to thewind pattern associated with

the highest ozone over Houston (Ngan and Byun 2011;

Souri et al. 2016a). We calculatedMDA8 ozone for each

cluster with Houston CAMS data and the results of the

calculation indicated that the cluster associated with the

highest ozone in DFW (C2) was also associated with

the highest ozone in Houston (Fig. 6). Owing to the

regional-scale high pressure in C2 over Houston and

DFW, the wind direction was favorable for the transport

of ozone precursors from local emission sources and

continental background ozone. As previously men-

tioned in the description of C2, 5th percentile ozone was

highest with this cluster indicating relatively higher

background levels than those of other clusters. In addi-

tion, the weak wind speeds associated with this pattern

led to a lack of dilution of ozone and its precursors.

Under Bermuda-high conditions (C3), the difference

between DFW and Houston was the second largest at

10.5 ppbv. This disparity was likely driven by rela-

tively clean air transported into Houston from the

Gulf of Mexico, while pollutants transported from

Houston to DFW enhanced DFW ozone concentra-

tions. Furthermore, to investigate the cause of this

difference and to determine the potential impacts of

Houston pollution downwind on DFW during clusters

with south-southeasterly or south-southwesterly flow,

we ran model sensitivity simulations.

d. Impact of Houston pollution transport

Multiple wind patterns featured southeasterly, south-

erly, and southwesterly winds over the eastern half of

Texas. Under these meteorological conditions, ozone

precursors emitted and produced by Houston were

transported north toward DFW. A previous study by

Senff et al. (2010) found that pollution transported

fromHouston could raise concentrations of background

ozone by as much as 10 ppbv. We hypothesized, there-

fore, that the enhanced background ozone fromHouston

could be transported into the DFW area. Two CMAQ

simulations were run to determine the impact of Houston

pollution on DFW ozone during these wind-pattern

conditions. The first was the ‘‘base’’ case with nor-

mal model settings. For the sensitivity simulation, we

turned off the emissions over the Houston domain. Both

of these simulations covered a 90-day period from

1 June 2014 to 30 August 2014, and the MDA8 ozone

was calculated over the model domain for each day of

the base simulation and the corresponding time for the

‘‘no emissions’’ simulation. Note that both the cluster

analysis and the meteorological model simulation used

the same NARR wind data, which allowed for a co-

herent comparison between the model and the clus-

tering results. The model–measurement comparison

yielded a correlation of 0.81, indicating the satisfactory

FIG. 5. Monthly distribution of cumulative occurrences for each

cluster (C1–C5) from 2000 to 2014 for DFW.
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performance of the base model simulation during this

period despite the documented underestimation of NOx

emissions in the 2011 National Emissions Inventory

(Travis et al. 2016). From the days in which each cluster

occurred during the 90-day period, the corresponding

daily model outputs were placed into their respective

cluster bins. We then compared the two simulations

by calculating the difference in ozone between the two

simulations to determine if Houston pollution in-

creased background ozone advected to DFW. If the

difference between the two cases was above zero, we

concluded that Houston pollution raised background

ozone concentrations transported into DFW. The

cluster occurrences during the model period are listed

in Table 2.

We identified several quantifiable impacts on DFW

ozone from transported Houston pollution under various

wind patterns by comparing the two runs (Fig. 7, top). In

addition, we calculated mean 72-h HYSPLIT back tra-

jectories for each of these clusters (Stein et al. 2015),

binned the daily trajectories into each cluster according to

its frequency of occurrence, and averaged them to obtain

one mean trajectory per cluster (Fig. 7, bottom). Cluster 2,

while having a mean trajectory originating from Louisiana

and the southern Mississippi valley, had numerous

individual trajectories pass over the Houston area.

This corresponded to an ;2-ppbv enhancement caused

byHouston pollution under cluster-2 conditions. Clusters

1 and 3, which featured southeasterly flow over Houston

to progressively southwesterly flow over DFW, showed

a 1–1.5-ppbv enhancement in ozone over DFW from

Houston pollution. Both of these clusters on individual

days had modeled ozone enhancements up to 8 ppbv,

which is within the range of observed enhancements

by Senff et al. (2010). Since C3, associated with the

Bermuda high, had the highest frequency of all of the

clusters, the contribution of Houston downwind to DFW

was an impactful finding. These results provide new

quantitative insights on the contribution of Houston

pollution downwindonDFWozone underBermuda-high

conditions.

To strengthen our understanding of the transport of

ozone precursors from Houston, we analyzed the differ-

ences in simulated total reactive nitrogen (NOy) inDFW.

Acting as a NOx reservoir, NOy can be transported long

distances and affect ozone production downwind. We

calculated the mean daily NOy for both simulations and

the difference between the two simulations. In line with

the previous analysis of ozone from the sensitivity simu-

lations, we found coincident enhancements in NOy that

could be attributed to the transport of Houston pollution

to DFW (Fig. 8). Enhancements in NOy ranged from 0.2

to 1 ppbv, depending on the cluster. The analysis of

NOy provided further evidence of the transport of

Houston pollution downwind and its contribution to

ozone chemistry over DFW. From the comparison of

FIG. 6. CAMSMDA8 ozone over DFW (blue) and Houston (red) for each cluster for 2000–

14. Standard deviation is indicated by the vertical bars for each data point. Also shown is the

difference between DFW (DAL) and Houston for averaged ozone for 2000–14 (dashed

yellow).

TABLE 2. The number of occurrences of the clusters during the

model-simulated period (2014 summer).

Clusters C1 C2 C3 C4 C5

n 9 14 35 7 16

APRIL 2019 KOT SAK I S ET AL . 765

Unauthenticated | Downloaded 08/09/22 08:38 AM UTC



FIG. 7. (top) Difference between the ozone concentrations of the base and no-Houston-

emissions CMAQ simulations for C1, C2, and C3 cluster days. (bottom) Mean 72-h back tra-

jectories for each of the featured clusters, with all of the trajectories within the cluster plotted in

light gray.
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these two model simulations, we concluded that DFW

could experience ozone enhancements as high as 5 ppbv

from ozone precursors originating in Houston.

4. Conclusions

This study provided a long-term analysis of regional

wind patterns and associated ozone variability over

DFW.We clustered 15 years (2000–14) of gridded wind-

component data from NARR and used self-organizing

maps to determine characteristic wind patterns. We

used surface ozone data over DFW covering the same

period to analyze the variability of ozone under various

wind-pattern conditions, the seasonal distribution of

ozone exceedances, and long-term trends in ozone. For

the analysis of wind patterns and ozone, we selected the

months of April–October on the basis of data about

the seasonal distribution of ozone exceedances and found

decreasing trends in 95th-, 50th-, and 5th-percentileMDA8

ozone largely as a result of decreasing ozone precursor

emissions. Since no previous studies had evaluated long-

term changes in meteorological conditions in relation to

Dallas ozone trends, we calculatedMDA8 ozone and long-

term ozone trends for each wind-pattern cluster.

During the analysis of 3150 days, we identified 11

wind-pattern clusters, 5 of which captured the largest

percentage of total days. The five clusters exhibited the

following wind characteristics and percentage contribu-

tion to the total ozone exceedance days for DFW: C1

(moderate southwesterly wind; 16%), C2 (weak to stag-

nant southeasterly wind; 35.2%), C3 (moderate south-

westerly wind; 16.5%), C4 (weak southwesterly wind

along a frontal zone; 8.2%), and C5 (weak to stagnant

southwesterly wind; 16.5%).

The wind pattern associated with the largest amount

of ozone exceedances was C2, which featured a weak

regional-scale high pressure system that resulted in

weak southeasterly wind conditions over DFW. The

transport of relatively higher continental background

ozone from the lower Mississippi valley, combined with

the favorable transport of local ozone precursors from

DFW, resulted in the largest percentage of high-ozone

days (35.2%) and the highest MDA8 ozone (60.7 6

13 ppbv). Other clusters that resulted in days with ozone

exceedances included C1 and C5, which featured similar

weak southwesterly winds over DFW and demonstrated

the potential impact of the Barnett Shale region on

downwind ozone production. The 5th-percentile MDA8

ozone trend was statistically insignificant for C5

from 2000 to 2014. However, over those 15 years the

5th-percentile ozone increased by 3.8 ppbv, which was

within the range reported in a previous study that

FIG. 8. Difference between the reactive nitrogen (NOy) concentrations of the base and no-Houston-emissions

CMAQ simulations for C1, C2, and C3 cluster days.
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quantified the impact of the Barnett Shale on DFW

ozone. The combination of VOC sources from the

Barnett Shale region and urban DFW emissions, led to

efficient ozone production and ozone exceedances

downwind over northern and northeastern DFW.

We compared ozone data from Houston and DFW to

determine regional similarities in ozone concentrations for

all of the wind-pattern clusters. Under C2 conditions, both

DFW and Houston observed the highest average ozone

concentrations.DuringBermuda-high conditions (C3), the

difference between DFW and Houston was the second

largest at 10.5 ppbv. Two model simulations were run to

determine if pollution transported from Houston to DFW

affected ozone concentrations over DFWunder any of the

wind-pattern conditions. Differences between the results

of the simulations indicated that the transport of pollution

from Houston contributed to ozone enhancements over

the DFW area. Mean ozone enhancements for clusters 1

and 3 ranged from1 to 2 ppbv inDFWwith individual days

experiencing up to an 8 ppbv contribution from pollution

transported from Houston. More notably, this study was

the first to quantify the enhancement of ozone over DFW

underBermuda-high conditions (C3), building on previous

work that investigated the regional and national impact of

the Bermuda high on ozone concentrations. Interest-

ingly, while C3 showed the largest decreasing trend in

95th-percentile ozone, it also showed the largest positive

but statistically insignificant, trend in 5th-percentile

ozone, highlighting the impact that areas upwind of

DFW can have on background ozone.

The analysis of NOy for the same clusters revealed

coincident enhancements in NOy, which provided fur-

ther evidence of the transport of Houston pollution to

DFW. Compliance with current and future ozone at-

tainment requirements set forth by the EPA require

accurate quantification of the magnitude of the impact

from major emission locations such as Houston. This

study focused only on the downwind impact of ozone

and ozone precursors from Houston on ozone levels

over DFW from strictly a meteorological perspective;

however, a critical aspect when attempting to decrease

ozone pollution is the determination of source appor-

tionment. Additional work is also needed to evaluate

how photochemical regimes in areas between urban

centers (Houston, Dallas, Austin, etc.) have changed

because of decreases in NOx and VOCs. In future work,

we plan to quantify the impact of other sources such as

biomass burning on incoming background ozone and

particulate matter into DFW to determine if those im-

pacts are more significant during particular years.
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APPENDIX

Description of Clusters 6–11

The wind patterns and spatial ozone observations of

these six clusters are plotted in Fig. A1 with a de-

scription of each below, and the corresponding statistics

are shown in Table A1. The statistics described in each

cluster section are in comparison with the 11 total

clusters.

a. Cluster 6

Cluster C6 was a post-cold-front pattern with a high

pressure located over central Texas. This pattern fea-

tured moderate northwest winds, which transported

relatively high background ozone into the region from

rural and urban sources in the plains and the eastern

Rockies. This pattern was also associated with the

lowest DFW domain mean 2-m temperature and rela-

tive humidity, which was expected since air behind cold

fronts is typically drier and cooler. Relatively higher

ozone was observed in southern and southeast side of

DFW, indicating the northwesterly winds transported

local ozone precursor emissions along with regional

background ozone. This wind pattern had a DFW

CAMS MDA8 ozone value of 49.9 ppbv and exceeded

12.6% of the time it occurred. During the 15-yr study

period, the frequency of this cluster increased

0.56 days yr21, a statistically significant trend. The result

of the increased frequency of this wind pattern was the

increase in the number of days impacted by relatively

higher continental background ozone. The amount of

continental background ozone advected into an area on

top of locally influenced ozone production can af-

fect whether an area is in or out of compliance with the

ozone standard. Interestingly, the 5th percentile of the

DFW CAMS MDA8 ozone values for this cluster had

the second-highest ozone value of 35.0 ppbv. This rel-

atively higher background value, with the addition of

locally produced ozone, led to ozone exceedances in

this region under favorable wind patterns for ozone

production that occurred after C6. This cluster most

commonly appeared in April, May, and October, when
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cold fronts had enough energy to push far south

to DFW.

b. Cluster 7

Cluster C7 was a wind pattern that showed a strong

cold front over DFW, indicated by strong conver-

gence over the region. The strong southwesterly

winds south of DFW and strong winds northwest of

DFW indicated that this was a frontal zone. Since

fronts were associated with higher wind speeds and

cloudy conditions, this cluster inefficiently produced

ozone. This was confirmed by the mean downward

shortwave radiation flux of this cluster being the

fourth lowest. This cluster occurred 3.8% of the time

and was associated with the second-lowest DFW

CAMS MDA8 ozone value of 43.6 ppbv. During the

15-yr study period, the frequency of this cluster

did not change significantly. Similar to cluster 6, this

cluster was most common during the months when the

jet stream was progressive and cold fronts associated

with low pressure systems had enough energy to push

south to DFW.

FIG. A1. As in Fig. 3, but for clusters C6–C11.
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c. Cluster 8

Cluster C8 was a wind pattern that exhibited pre-cold-

front conditions. Very strong southerly winds ahead of

the cold front led to relatively lower ozone values over

DFW because of dilution, relatively lower background

ozone from the Gulf of Mexico, and a strong likelihood

of clouds and precipitation. Consequently, this cluster

had the highest DFW domain mean relative humidity. It

also occurred with the lowest frequency, occurring only

2.1% of the time. Similar to C7, C8 exhibited no long-

term change in frequency. This cluster appeared most

frequently in April and May for the same reasons as

described in C6 and C7.

d. Cluster 9

Cluster C9 was associated with a weak front and a

synoptic low located over central Oklahoma and a broad

high pressure located over the southeastern United

States, leading to moderate southwesterly winds over

DFW and throughout southeastern Texas. This pattern

led to relatively low occurrence of ozone exceedances,

stemming from dilution and likely cloud cover. This

cluster occurred 3.4% of the time, and there were

exceedances 15% of the time it occurred. This cluster

occurredmost frequently during September andOctober.

e. Cluster 10

C10 was a unique cluster since it is characteristic of

the tropical lows in theGulf ofMexico. A similar pattern

was observed in previous studies that investigated wind

patterns over Texas (Davis et al. 1998; Souri et al. 2016a).

This pattern led to extensive cloud cover and subsequent

precipitation, confirmed by this cluster having the lowest

mean downward shortwave radiation flux, which was in-

dicative of substantial cloud cover. Although this cluster

had the fifth-highest mean relative humidity, it produced

the largest standard deviation that exceeded the highest

mean relative humidity value. This cluster contained

some elevated ozone because of the relatively persistent

transport of higher background ozone into the DFW

area. This cluster occurred 3.5% of the time, and there

were exceedances 21.2% of the time it occurred. This

cluster, exhibiting a slightly positive trend during the

15-yr study period, occurredmost often in September and

October, corresponding to the near peak of the Atlantic

Ocean hurricane season.

f. Cluster 11

C11 was the wind pattern with the strongest winds

over DFW and throughout the eastern half of Texas,

caused by a strong pressure gradient between the

central plains region and the Gulf of Mexico. This

cluster, which occurred 4.3% of the time, was associ-

ated with the lowest DFW CAMS MDA8 ozone of

38.7 ppbv. Although this cluster had the highest mean

downward shortwave radiation flux, which indicated

efficient ozone photochemistry, the dilution effects of

the strong wind speeds were dominant. For reasons

similar to those described in C6–C8, this cluster most

frequently occurred in April and May.
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