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Abstract

Jim Smith, Fernando Mercado, Mark Estes
Texas Commission on Environmental Quality

A perplexing problem with model performance in the Houston/Galveston area is the frequent over-
prediction of ozone concentrations in air arriving from the Gulf of Mexico.

Examination of three-dimensional
back-trajectories helps to identify the
origins of very clean air often seen at
coastal sites in Texas. This work
attempts to characterize the air
masses arriving at near-shore sites on
the Texas coast by calculating three-
dimensional back-trajectories,
associating each with observed ozone
concentrations at the trajectory's
terminus, and finally using a clustering
algorithm to characterize groups of
like trajectories. Color-coding the
trajectories according to the ozone
concentrations at the terminus
provides a highly intuitive approach to
characterizing the sources of
background ozone.

Methodology

Back-trajectories for five ozone seasons were developed: May-September,

2007 through 2011.

Endpoints were at monitors in Galveston, Sabine Pass, and Aransas Pass. e s I S il 30

Observed and Modeled Galveston Ozone Concentrations, June 2006
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— EDAS-40 km Meteorological data set
— Termination at 100 M

— 48 Hour trajectory length
— Endhours: 1,3,5,7,9,11,13,15,17,19,21 and 23

To further study the trajectories, a clustering algorithm was used to find
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groups of similar clusters. This analysis included the log-transformed vertical b g T

component of each trajectory point.

Each trajectory was characterized as a 144-dimensional vector (X;-X;g, Y;-Y g,
Z,-Z,g), then normalized to give each of the 144 components equal weight.

Next, each trajectory point was assigned the value of the observed ozone

concentration at the time it arrived at the monitor.

A 36x36 km grid was overlaid across the trajectory field and the terminal
ozone concentrations of trajectory points falling in each grid cell was

tabulated.

For grid cells with enough (30+) trajectory points, cell median values were
calculated and the grid cells were color-coded on top of the trajectories.

The SAS FASTCLUS procedure was used to define clusters of back trajectories.

Data Traj; Set In.Merged_&MSite;
Array Alt(48) Alt1-Alt48; Array LA(48) LA1-LA4S;
Do hour=1 to 48;
LA(Hour) = Log(Max(Alt(Hour),1));
End;
Drop hour;

Proc STDIZE Data=Traj out=Stand; Var X1-X48 Y1-Y48 LA1-LA4S,;

Proc FASTCLUS Summary Data=Stand Out=Clust MaxClusters=10 Maxiter=1000
Drift Delete=200 Converge=.0001 Radius=15 Strict=17,

Var X1-X48 Y1-Y48 LA1-LA4S;
Run;

A color coding scheme like that used for the full set of trajectories was
employed for each cluster (minimum 15 trajectory points per grid cell).

Conclusions

Associating back-trajectories with terminal ozone concentrations provides an
intuitive means for understanding the origins of transported ozone.

Clustering the trajectories helps to further identify sources of high and low
background, and provides insight into the vertical component of the transport path.

The lowest ozone concentrations are associated with trajectories that remained

over the central Gulf for at least 48 hours.

Higher concentrations are associated with trajectories that pass close to the

northern and western Gulf Coast.

The highest concentrations are associated with trajectories that remain primarily

over land.
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Notes: The technique used here to produce the color-coded tile plots is based on the Potential Source Contribution Function (PSCF)
approach [Ashbaugh, et al (1985), Hopke (2003), Xie and Berkowitz (2006)]. This approach was used by the TCEQ to reconcile observed
concentrations of certain highly-reactive Volatile Organic Compounds (HRVOCs) with reported inventories in the Houston-Galveston

area [TCEQ (2010)].
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Characterization of Gulf of Mexico Background Ozone Concentrations
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Cluster 1 Back Trajectories

Galveston Trajectories
(7788 Trajectories)

Galveston back-trajectories
most frequently cross the Gulf
of Mexico, but a substantial
fraction traverse the Midwest
and Louisiana. Trajectories
originating in the western Gulf
are characterized by very low
(<25 ppb) ozone concentrations,
while those crossing the central
Gulf are associated with
somewhat higher
concentrations (25-35 ppb).
Trajectories skimming the Gulf
Coast have higher
concentrations still. The highest
concentrations are associated
with trajectories arriving from
Louisiana and Midwest, but
many are heavily influenced by
local (Houston) sources.
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Cluster 2 Back Trajectories

Galveston Cluster 1
(1690 Trajectories)

Cluster 1 is characterized by
medium-length trajectories
passing through the central Gulf
and remaining mostly within the
marine boundary layer (~600
M). Terminal ozone
concentrations for these
trajectories are quite low,
generally <25 ppb, with a few
higher values associated with
trajectories originating near the
Louisiana coast.

1400

1200 4

1000 J

800 J

600
400

200

L L H eSS ERESE

Ozone Concentration (ppb)

Frequency

Elev. (M AGL) T I

Cluster 2 Median Terminal Ozone Concentrations

Minimum 15 Values per Grid Cell

(V-7

Ozone (PPB) [ TN

9 a2 42 D 52 W
CER S SSS

Cluster 2 Ozone Concentration Frequency

Cluster 3 Back Trajectories

1400
1200 4
1000 J
800 J
600
400

200

L L H eSS ERESE

Ozone Concentration (ppb)

Galveston Cluster 2
(1072 Trajectories)

Cluster 2 is characterized by
longer trajectories originating at
somewhat higher elevations
than Cluster 1, and passing over
the northern to middle Gulf.
Ozone concentrations generally
increase the more northerly the
origin with low (15-25 ppb)
concentrations associated with
trajectories passing over the
mid-Gulf and higher
concentrations of 55 ppb or
higher associated with
trajectories originating over the
southern United States.
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Galveston Cluster 3
(1019 Trajectories)

Cluster 3 is characterized by
short, low level trajectories
originating within a few
hundred kilometers of
Galveston and showing little
directionality. Ozone
concentrations associated with
Gulf trajectories are quite low,
increasing as the point of origin
rotates in either direction. The
highest concentrations are likely
associated with the Greater
Houston area, which lies north
and northwest of Galveston.
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Galveston Cluster 4
(683 Trajectories)

Cluster 4 is characterized by
lengthy land-based trajectories
originating mostly in the
Midwest at relatively high
altitudes. Ozone concentrations
follow a roughly Gaussian
distribution with mean around
50 ppb, with higher ozone
concentrations associated with
trajectories originating to the
east and passing through
southern Louisiana.
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Cluster 6 Back Trajectories

Galveston Cluster 5
(1131 Trajectories)

Cluster 5 is characterized by
relatively straight trajectories
through the mid-to-upper Gulf
and lying mostly within the
marine boundary layer (~600
M). Except for a few
trajectories passing over central
Florida, ozone concentrations
are generally in the 15-35 ppb
range.
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Cluster 7 Back Trajectories

Galveston Cluster 6
(754 Trajectories)

Cluster 6 is characterized by
short, low trajectories mainly
over the Gulf, but with a few
originating in Louisiana and
Mississippi. Trajectories
originating or passing near the
upper Gulf Coast are associated
with the higher ozone
concentrations (35 ppb+), while
those that pass through the
central Gulf generally result in
concentrations <25 ppb.
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Galveston Cluster 7
(1355 Trajectories)

Cluster 7 is characterized by
relatively short trajectories
passing through the western
Gulf and originating above the
marine boundary layer (~600
M). Ozone concentrations
associated with trajectories
originating in the open Gulf are
generally <25 ppb, while those
associated with trajectories that
skirt the shoreline of southern
Texas and northern Mexico,
along with those near southern
Louisiana and southeastern
Texas, are much higher.
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Sabine Pass Trajectories
(8591 Trajectories)

Sabine Pass back-trajectories
show patterns similar to those
at Galveston. The most notable
difference is that ozone
concentrations associated with
trajectories from the north are
associated with considerably
lower ozone concentrations
than is seen at Galveston,
reflecting the relatively smaller
influence of local sources.
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Sabine Pass Cluster 1
(1112 Trajectories)

Cluster 1 is characterized by
medium-length trajectories
passing through the central Gulf
and remaining mostly within the
marine boundary layer (~600
M). Terminal ozone
concentrations for these
trajectories are generally <25
ppb, with somewhat higher
values associated with
trajectories originating near
southern Florida and a few high
(>55 ppb) concentrations
associated with trajectories
originating near the Louisiana
coast.
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Sabine Pass Cluster 2
(1152 Trajectories)

Cluster 2 is characterized by
medium-length trajectories
passing through the central Gulf
and remaining mostly within the
marine boundary layer (~600
M). Terminal ozone
concentrations for these
trajectories are quite low,
generally <25 ppb, with a few
higher values associated with
trajectories originating near the
Louisiana coast and in the
western Gulf.
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Sabine Pass Cluster 3
(786 Trajectories)

Cluster 3 is dominated by
medium-length trajectories
traversing Florida and the other
Gulf Coast states, mostly staying
within the marine boundary
layer (~600 M), although many
started out at higher elevations.
Terminal ozone concentrations
are generally in the 20-50 ppb
range, with lower
concentrations generally
associated with more southerly
trajectories.

1400

1200 4

1000 J

800 J

600
400

200

L L H eSS ERESE

Ozone Concentration (ppb)

Cluster 4 Back Trajectories

Cluster 4 Median Terminal Ozone Concentrations

Minimum 15 Values per Grid Cell

(V-7

Sabine Pass (7 Clusters)

Frequency

Cluster 4 Ozone Concentration Frequency

1400
1200 4
1000 J
800 J
600
400

200

L L H eSS ERESE

Ozone Concentration (ppb)

Cluster 5 Back Trajectories

Sabine Pass Cluster 4
(1130 Trajectories)

Cluster 4 is characterized by
relatively short trajectories
originating at higher elevations.
Most trajectories traverse the
western and central Gulf, and
these are associated with low
(<25 ppb) ozone concentrations.
The trajectories skirting the
coast lines are associated with
some ozone concentrations of
50 ppb or higher.
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Cluster 6 Back Trajectories

Sabine Pass Cluster 5
(1912 Trajectories)

Cluster 5 is characterized by
lengthy land-based trajectories
originating mostly in the
Midwest at relatively high
altitudes. Ozone concentrations
vary widely with lower
concentrations associated with
trajectories coming from the
northwest and higher
concentrations associated with
trajectories from the northeast.
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Sabine Pass Cluster 6
(1604 Trajectories)

Cluster 6 is characterized by
short, low-level trajectories
originating within a few
hundred kilometers of Sabine
Pass and showing little
directionality. Ozone
concentrations associated with
Gulf trajectories are relatively
low, while concentrations
associated with trajectories
from the west are generally
high, possibly influenced by the
Houston area. Ozone
concentrations associated with
easterly flow are highly variable.
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Sabine Pass Cluster 7
(810 Trajectories)

Cluster 7 is characterized by
medium-length, low-level
trajectories from the north and
central Gulf and Gulf Coast.
Ozone concentrations increase
from low (<25 ppb), associated
with the southernmost
trajectories, to 30 ppb+,
associated with clusters passing
over central and northern
Florida.
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Aransas Pass

Trajectories
(8562 Trajectories)

Aransas Pass back-trajectories
rarely originate much farther
west than the monitor, but
otherwise show many
similarities to Galveston and
Sabine Pass trajectories. The
lowest ozone concentrations are
associated with trajectories
traversing the western Gulf,
while the highest
concentrations are associated
with trajectories passing
through southeastern Texas and
Louisiana. Sources in the
Houston and surrounding areas
likely contribute to these higher
concentrations.
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Aransas Pass Cluster 1
(870 Trajectories)

Cluster 1 is characterized by
mainly long terrestrial
trajectories originating in the
Midwest at higher elevations,
although some trajectories
originate in the Gulf near the
Texas Coast. Terminal ozone
concentrations span a broad
range from 10 to 80 ppb, with
the highest concentrations
associated with trajectories
from the northeast, likely
influenced heavily by sources in
southeastern Texas and
southwestern Louisiana,
including the Houston area.
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Aransas Pass Cluster 2
(1318 Trajectories)

Cluster 2 is characterized by
relatively straight, relatively long
trajectories that stay mainly
within the marine boundary
layer (~600 M) and pass through
the central Gulf. The
trajectories closest to the
cluster center are associated
with low (~15-25 ppb) terminal
ozone concentrations, while
concentrations are somewhat
higher for trajectories on either
side.
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Aransas Pass Cluster 3
(1396 Trajectories)

Cluster 3 is characterized by
short, low-altitude trajectories
passing mainly over the western
and central Gulf. With the
exception of trajectories skirting
the upper Texas and Louisiana
coasts, ozone concentrations
are generally quite low (<25

ppb).
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Aransas Pass (6 Clusters)
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Aransas Pass Cluster 4
(2026 Trajectories)

Cluster 4 is characterized by
medium-length trajectories
originating near the top of the
marine boundary layer (~600
M), and crossing the western-
to-central Gulf. Except for a few
trajectories that point back
towards the U. S. Gulf coast,
ozone concentrations are quite
low, mostly below 25 ppb.
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Cluster 6 Back Trajectories

Aransas Pass Cluster 5
(756 Trajectories)

Cluster 5 is characterized by
medium-length trajectories
originating between the south-
southeast to northeast of
Aransas Pass at higher altitudes.
Trajectories that remain far
from shore are generally
associated with the lowest
ozone concentrations (15-30
ppb), while terrestrial
trajectories are associated with
much higher terminal ozone
concentrations.
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Aransas Pass Cluster 6
(2040 Trajectories)

Cluster 6 is characterized by
short trajectories originating at
relatively high altitudes, and
almost all trajectory points lie
above the Gulf waters. A sizable
majority of the terminal ozone
concentrations are <25 ppb, and
are associated with trajectories
in the middle of the cluster. A
few trajectories skim the
western Gulf shore or the upper
Texas coast, and these are
associated with higher ozone
concentrations.
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