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ABSTRACT

Lagrangian Methods for Climatological Analysis of Regional Atmospheric Transport
With an Emphasis on Texas Ozone Exceedances. (August 2004)
Darielle Dexheimer, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Kenneth P. Bowman

A quantitative climatology of atmospheric transport in Texas is developed using pre-
viously described Lagrangian trgjectory methods (Rogers and Bowman, 2001; Bowman
and Carrie, 2002). The trgjectories are computed using winds from 1979-2001 from the
National Center for Environmental Prediction (NCEP) Reanalysis Project data set.

Probability distributions are created for particle transport using trajectories from ur-
ban areas, making six-hourly particle distributions available from four urban areasin Texas.
These probability distributions represent a quantitative understanding of regional air trans-
port.

Time-dependent Green’sfunctions are calculated given initial conditions such as urban
areas weighted with respect to population. The Green’s functions describe how air from
urban areas is transported through the atmosphere as a function of time.

Summertime backward Lagrangian trajectories initialized at 5 Texas Commission on
Environmental Quality (TCEQ) monitoring stations are grouped according to the ozone
value recorded at the station at the initialization time of the trgjectory. The directions of
the tragjectories in each group are used to determine the relationship between the transport
characteristics of the circulation over Texas and regional-scale observations of pollutants.

Synoptic conditions occurring at the time of summertime ozone exceedances at the 5
TCEQ stations are investigated in order to resolve what conditions are likely to coincide

with ozone exceedances.
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CHAPTER

INTRODUCTION
Among the unfortunate consegquences of increasing population and economic growth
in many areas of the world are serious urban and regiona air-quality problems. These
problems can result from both local emissions and from the transport of pollutants from
outside the local area. As aresult, understanding regional atmospheric transport is crucial

to determining the relationship between source locations and local air quality.

Previous studies have been conducted of regional-scale pollution events (Rogers and
Bowman, 2001; Peppler, 2000). Rogers and Bowman (Rogers and Bowman, 2001) inves-
tigated the unusual transport of biomass-burning smoke from Mexico and Central America
to the United States during the spring and early summer of 1998. They found that, at that
time of year, transport from southern Mexico and northern Central America aternates be-
tween northward flow toward the United States and westward flow into the Pacific basin.
During the spring of 1998, drought and widespread agricultural burning led to unusually
large smoke production. During May 1998, episodes of northward flow were more com-
mon than during other recent years, and at times large amounts of smoke were transported
into the central and eastern United States. The heavy amounts of smoke observed in the
southeastern United States at that time can be attributed both to unusual smoke production

and to abnormally strong northward transport.

This study describes a quantitative method to characterize the climatological regional-

scale transport by relating kinematic particle trajectories to the solutions of the mass

This thesis follows the style of Journal of Applied Meteorology.



conservation equation for a passive trace substance. The climatology can be used, among
other things, to determine the likelihood that a region would be influenced by transport

from particular source areas.

From 1997-2002 there were over 100 hours a year when one-hour ozone levels met or
exceeded the federal standard of 125 ppb at monitoring stations in Texas. One-hour ozone
values greater than or equal to 125 ppb are known by the EPA to cause severe respiratory
symptoms and impair breathing in sensitive groups. Additionally, if an area exceeds the
federal ozone standard four times in three years and fails to develop or implement a state
plan to comply with the standard it is subject to the loss of federal highway funds, limitson
industrial expansion, and theloss of federal Air Pollution Control Program grant funds. The
need to understand what meteorological conditions are conducive to ozone exceedancesin

Texasis evident for both health and financial reasons.

A previous study of the meteorology behind ozone exceedances in the Houston area
was conducted during the Texas Air Quality Study of 2000 (Senff et al. , 2002). The
occurrence of widespread ozone exceedances and high peak ozone values was linked to
two meteorological factors, light-wind conditions during midday and the afternoon sea
breeze. Light winds alowed a buildup of plumes over the source regions, while the sea
breeze transported pollutants back inland after they moved offshore during the morning.
Subtle changes in the onset, strength, and direction of the sea breeze resulted in significant

differencesin the peak values and distribution of ozone.

This study investigates the meteorological conditions present when ozone exceedances
occur at selected monitoring stations in Texas. An understanding of these conditions will
allow more accurate forecasting of high ozone events, and will assist in the formation of a

climatology of Texas ozone exceedances.



CHAPTER I

DATA AND INSTRUMENTS
A. NCEP reanalysis data

In this study, trajectories are computed using three-dimensiona windsfrom the National
Center for Environmental Prediction (NCEP) Reanalysis Project data set (Kanay et al. ,
1996). These data are used because of their temporal and spatial coverage, quality con-
trol, and availability. The reanalysis process uses a uniform global data-assimilation sys-
tem. Input data for the reanalysis include global rawinsonde data, Comprehensive Ocean-
Atmosphere Data Set (COADS) surface marine data, aircraft data, surface and synoptic
data, satellite sounder data, and Special Sensing Microwave/lmager (SSM/I)surface wind
speeds. The quality and quantity of these data sources varies with time. For this study, data
are taken from the 22-year period 1979-2000.

The NCEP reanaysis includes data for temperature, geopotential height, and zonal and
meridional wind at 17 pressure levelsfrom 1000 to 10 hPa, and vertical velocity in pressure
coordinates at the 12 lowest pressure levels. Data are available on a 2.5°x 2.5° global
longitude-latitude grid. The relatively coarse resolution of the model grid for regional-
scale analysisis offset by the quality and length of the data record and the uniformity of the
assimilation methods. The methods described below can be applied to higher-resolution
retrospective data sets as they become available in the future, or to forecast products. Mean
climatological geopotential heights are taken from the long-term climatological means,

which are based on the 29-year period 1968-1996.



B. Airquality data

The air quality data used includes hourly ozone values from TCEQ Continuous Air
Monitoring System (CAMS) stations. At these stations ozone is measured using an ul-
traviolet (UV) absorbance method where a stable UV source beams through an airstream
containing the air sample and an ozone free reference stream. The differencein UV trans-
mission is correlated to the ozone concentration in the sample stream. The atmosphere
is sampled every second at the CAMS stations, and every five minutes an average of al
the one-second samples collected is taken. Hourly averages are then calculated from these
five-minute averages. The TCEQ convention for time-tagging datais the beginning of each

hour. Thus, the 9:00 am data is data collected between 9:00 and 10:00 am.

Hourly ozone data from 1997—2000 is available at www.tceg.state.tx.us from over 200
CAMS stations in Texas. From the over 200 CAMS stations, five stations in eastern Texas
are chosen for study based on their locations, quality of data, and length of data collection.
The locations of these five stations: 1) Fort Worth Northwest C13, 2) Tyler Airport C86,
3) Longview C19, 4) Cypress River C50, and 5) Aldine C8 are shown in Figure 1. Their
latitudes and longitudes are given in Table |I. Longview and Tyler are small cities with a
population of less than 85,000 each. Jefferson, which is near the station Cypress River
CH0, isasmall town with a population of 2200. The three cities are all within 100 km of
each other, and are approximately 200 km east of Dallas/Fort Worth and 250 km north of
Houston. The other two stations studied, Aldine C8 and Fort Worth Northwest C13, are
located approximately 10 km southwest of downtown Houston and 10 km northwest of
downtown Fort Worth, respectively. Data has been collected at Aldine C8 and Fort Worth
Northwest C13 from January 1, 1979 to the present, at Tyler Airport Relocated C86 from
August 2, 1994 to May 16, 2000, at Longview C19 from January 1, 1996 to the present, and



Tablel. Latitudes and longitudes of the five selected Continuous Air Monitoring System
(CAMYS) stations.

Number Station Name Latitude Longitude

1 Fort Worth Northwest C13  32.8058°N  -97.3567°W
2 Tyler Airport C86 32.3580°N -95.4097°W
3 Longview C19 37.3825°N  -94.7125°W
4 Cypress River C50 32.7428°N  -94.3033°W
5 Aldine C08 29.9011°N -95.3261°W

at Cypress River C50 from May 1, 1998 to December 31, 2000. The rural sites (Cypress
River, Longview, and Tyler Airport were chosen because they are outside the immediate

influence of large urban areas.
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Fig. 1. Locations of five selected Continuous Air Monitoring System (CAMS) stations: 1)
Fort Worth Northwest C13, 2) Tyler Airport C86, 3) Longview C19, 4) Cypress

River C50, and 5) Aldine C8.



CHAPTER I

METHODS

A. Green'sfunction method

In order to characterize the climatological transport circulation, we use particle trajecto-
ries to estimate the Green’s functions of the mass continuity equation for a conserved trace
substance

ds

5 +v-Vs=0, s(x,ty) = so(x), (3.1)

where x isposition, ¢t istime, s isthe mass mixing ratio of the trace substance, v isvelocity,
and so(x) istheinitial condition at ¢ = ¢,. If v isknown, then (3.1) isalinear differentia

equation for s.

A formal solution to (3.1) can be found through a Green’s function approach (Hall and
Plumb, 1994; Holzer, 1999; Holzer and Boer, 2000; Bowman and Carrie, 2002). The
Green's function G isthe solution to (3.1) for all possible §-function initial conditions (all
Xp), that is,

0G

E—I—V-VG‘:O, G(x,Xo,t0) = d(X — Xo). (3.2

The principal advantage of this solution technique is that, if G can be found, the solution

to (3.1) for an arbitrary initial condition sy(x) is given by
s(x,t) = / so(x%0) G(X,Xo,t) dxp. (3.3

This approach can be easily extended to find the climatological transport properties of
the atmosphere. Given an ensemble of v fields, (3.1) can be solved repeatedly for the same

initial condition. The ensemble-mean solution (s) is found by taking the ensemble mean



of (3.3), which yields

(5(x, 1)) = / s0(%o0) {G(x, %o, 1)) dxo, (3.4)

X0

because s, does not vary across the ensemble. Therefore, for a specified initial distribution
the ensemble-mean tracer distribution at future times can be found from the ensemble-mean
Green’sfunction. Moreimportantly, perhaps, (G) provides a quantitative description of the
climatological transport of a conserved passive tracer from an arbitrary initial location x,.

(G) isthus one way to represent the climatological transport circulation of the atmosphere.

The function (G) could be estimated by solving the Eulerian equation (3.2) repeatedly
for different xo and v, but the computational costs are high. It is possible, however, to
estimate (G) from air parcel (particle) trajectories because of the close connection between

the solutions to the trajectory equation

d /
=V, X () =X (35
and the solutionsto (3.2). In (3.5), x" isthe position of the particle as a function of time ¢,
v isthe velocity, and xg istheinitial location of the particle at ¢t = t,. (Primes are used to

explicitly denote a particle trgjectory.)

The Green’sfunction for (3.1) is
G(x,Xo,t) = d(x — X' (xg,t)). (3.6)

where x'(xg,t) is the solution to the trgjectory equation (3.5) and xo = xg. This occurs
because the trgjectories are ssmply the characteristics of 3.1. An aternative way of stating
thisresult isthat the transport operator simply advects the §-function initial condition with-

out changing its shape (in the absence of diffusion). The path followed by the -functionis



the same as the path followed by a particle with the same initial location, xo. Particle tra-
jectories can be used, therefore, to construct the Green’s function. Bowman (Bowman and
Carrie, 2002) discusses additional details, including sampling issues arising from particle

counting.

Both forward and backward trajectories can be computed so that it is possible to evaluate

both where air goes to and where it comes from.

B. Application to Texas

1. Gridded trgjectoriesfor regional-scale flow analysis

Trajectories for arectangular region containing the state of Texas are computed using a
standard 4th-order Runge-Kutta scheme with a 45 minute time step (Bowman and Carrie,
2002). Winds are interpolated to the particle locations linearly in both space and time.
It is not possible to evaluate (G(x,xo,t)) for al possible z,. Instead, we evaluate (G)
for a moderately-dense, discrete, three-dimensional grid of initial conditions. The initial
horizontal locations are shown in Figure 2. Parcels are initialized on a regular latitude-
longitude grid with horizontal spacing of ~ 30 km x ~ 30 km and 18 unevenly spaced
pressure levels from 998-200 hPa, giving 17,640 parcels total. Trajectories are initialized
each day at 18Z at the grid locations and run 7 days forward and backward for every day
in July from 1979-2000. During the summer months 18Z corresponds to 13:00 Central
Daylight Time. Theresult isaset of 682 (22 x 31) forward trajectories and 682 backward
trajectories for each point shown in Figure 2. These will be referred to as grid tragjectories.
The computation time required to run the trgectories is modest (roughly 40 hours on a

single 2.8 GHz Xeon processor) .
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The ensemble-mean Green'’s function (G (x, X, t)) is estimated by computing the dis-
crete probability distribution function of the particles as a function of x for each xq on the
grid at desired times. The destination grid x does not have to match theinitial location grid
xo. For later illustrations, subsets of (G) are made of the grid trajectories for four urban
areas. Austin, Dallag/Fort Worth, Houston, and San Antonio. The subsets are composed
of al the grid trgjectories initialized at points surrounding each urban area (Figure 1). The
geographically larger areas of Dallas/Fort Worth and Houston are composed of four grid
points, while Austin is composed of two, and San Antonio of one. The distributions are for
illustration purposes only and do not represent the actual distribution of sources in these
metropolitan areas. Air particle locations in the urban trajectories are plotted every six
hours, and contours are drawn showing the density of particles as they disperse (climato-
logically) from the initial location, normalized by the maximum density. These correspond
to dlices through the multidimensional Green’s function. Only particles initialized at the
lowest 7 altitudes, less than approximately 850 hPa, are plotted. Particles above 850 hPa
typicaly lie above the boundary layer and are not influenced by surface sources on short
timescales. In this way a probability distribution of low-level particle transport is created

for particles released from the four urban areas at 18Z in July.

2. Statistical analysis of back tragjectories

Additional backward trajectories are computed using the 5 selected CAM S ozone mon-
itoring sites as initialization points. In detail, the 5 selected CAMS stations are Aldine C8,
Cypress River C50, Fort Worth Northwest C13, Longview C19, and Tyler Airport C86.
Additional trajectories are run for 95 other CAMS stations, but are not studied due to their
location, quality of data, or length of data collection. In all other ways the trajectories are
the same as the previously discussed grid trgjectories, except they are initialized at each

hour (00Z—23Z) and run 2 days backward for every day in July, August, and September
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from 1979-2000. The result is a set of 48,576 backward trajectories from each of the 5
CAMS dtations. The computation time to run the trajectories is roughly 180 hours on a

single 2.8 GHz Xeon processor.

The backward station trgjectories are assigned the ozone values recorded at the time of
their initiaization at the CAMS stations where they are initialized. Only months during
which an ozone exceedance was recorded are discussed. First, the two-day backward tra-
jectoriesinitialized at Longview C19 from 1996-1999 are grouped by month, either July,
August, or September, and divided into groups based on ozone value. Traectories from
Tyler Airport C86 for August, the only month during which exceedances were recorded,
of 1996-1999 are also subdivided. Trajectories from Aldine C8 and Fort Worth Northwest
C13 are studied when an exceedance at either coincides with an exceedance at Longview
C19 or Tyler Airport C86. Rural ozone exceedances at Longview C19 and Tyler C86 are
of primary interest in this study, so urban exceedances are studied only when they coincide
with rural exceedances as away of relating air quality around the state. Trajectories from
the station Cypress River C50 for July 1997-2000 rather than 1996-1999 are used since the
only ozone exceedances ever recorded at this station occurred in July of 2000. Although
Cypress River C50 only recorded ozone exceedances on one day during July from 1997-
2000, trajectories from the station are used in the study due to its proximity to Longview

and Tyler and the rural nature of its surroundings.

The trgjectories are divided into four groups based on the ozone value at the station at
each trgjectory’s initialization time. Ozone values of 0-40 ppm are considered low, 41-80
ppm moderate, 81-124 ppm high, and 125 ppm or greater are exceedances. Changesin the
cutoff values of each group by up to 15 ppm did not result in significant changes in the

statistical characteristics of the trgjectories. The statistical characteristics of each group are
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then investigated.

3. Exceedance case studies

Synoptic conditions for the three-day period surrounding exceedances are determined
from plots of geopotential height made using NCEP Reanalysis data. Additionally, surface
meteorological plots created by Unisys Weather are studied to evaluate the synoptic situa-
tion. The 48-hour backward trajectories computed from the 5 sel ected CAM S stations at the
time of each exceedance using NCEP Reanalysis winds are studied as well. The synoptic
plots, backward station trgjectories, and ozone values are compared to determine what con-
ditions are prevalent when ozone exceedances occur. Similarly to the CAMS Lagrangian
trajectories, ozone exceedances at the 5 CAM S sites occurring in the summer months from
1996-1999 or 1997-2000 are studied. In all thirty-five one-hour ozone exceedances, mean-
ing one-hour ozone values greater than or equal to 125 ppm will be discussed. Details of the
0zone exceedances occurring at these five stations in the summer months from 19962000

are shown in Table Il and will be referred to by an event number from this point on.

Longview and Tyler are small cities with a population of less than 85, 000 each. Jeffer-
son, which is near the station Cypress River C50, isasmall town with apopulation of 2200.
The three cities are all within 100 km of each other, and are approximately 200 km east of
Dallas/Fort Worth and 250 km north of Houston. A histogram of the daily maximum one-
hourly ozone values from 1997-2000 at Cypress River C50 in July, as well as Longview
C19 and Tyler Airport C86 from 1996-1999 in August is shown in Figure 3. Cypress
River C50 has the most daily maximum one-hourly values of the three stationsin the range
termed " healthy” by the TCEQ), or values between 0 and 79 ppm. The number of ” healthy”
values at Cypress River C50 is likely due in part to the comparatively small population

of Jefferson. Of the daily maximum one-hourly ozone values at Cypress River C50 73%
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are healthy, compared to 49% of those at Longview C19 and 33% at Tyler Airport C86.
Longview C19 with 51%, and Tyler Airport C86 with 58%, recorded similar percentages
of values between 80 and 124 ppm, considered "moderate” by the TCEQ. In comparison
only 26% of ozone valuesrecorded at Cypress River C50 are considered moderate. Finally,
only one day in the period of study resulted in ”unhealthy for sensitive groups’ ozone val-
ues at Cypress River C50 and Tyler Airport C86, while four days had values of greater than
or equal to 125 ppm at Longview C19. The other two stations studied, Aldine C8 and Fort
Worth Northwest C13, are located approximately 10 km southwest of downtown Houston

and 10 km northwest of downtown Fort Worth, respectively.



15

a)Histogram of Maximum Daily Ozone Values at Cypress River C50 for July 1997-2000
25 [ T T T T T ]

20C
150

100

O: [ | ]
125 25 37550 625 75 875100 11251251375150162.5175

B 079pm  Healty
[ ] 80:124ppm- Moderats ;
[ 125:164 pom Unhealthy for Sensitive Groups
[ 165:204 ppm Unheatthy 1

b)Histogram of Maximum Daily Ozone Values at Longview C19 for August 1996 -1999
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Fig. 3. Histogram of daily maximum one-hourly ozone values at a) Cypress River C50 dur-
ing July 1997—2000, b) Longview C19 during August 1996-1999, and c) Tyler Air-
port C86 during August 1996—1999.
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Tablell. A summary of ozone exceedances recorded at 5 selected CAMS stations in July,
August, and September from 1996-2000.

Event| Station Latitude Date Time | Length| Peak | Summary
Longitude (GMT)| (Hrs) | Ozone
(ppm)

1 Longview | 32.382N 1997-07-16 | 16 1 139 Front passes 36 hrs
C19 94.712W before exceedance

2 Longview | 32.382N 1998-08-16 | 19 1 127 | Stagnant  trgjectory
C19 94.712W from high pressure

aloft

3 Longview | 32.382N 1998-08-28 | 19 1 129 Front passes 4 hours
C19 94.712W after exceedance

4 Longview | 32.382N 1998-09-03 | 22 1 125 | Trough passes6 hours
C19 94.712W before exceedance

5 Aldine 29.90IN | 1998-09-03 | 17-20 | 4 143 | Trough passes at 17
C08 95.326W GMT

6 Aldine 29.901IN | 1998-09-04 | 2,3,12-| 5 155 | High pressure after
Cco8 95.326W 14 trough stalls

7 Fort 32.806N 1999-08-03 | 20 1 132 Front passes 8 hours
Worth 97.357TW before exceedance
NW C13

8 Fort 32.806N 1999-08-04 | 18-21 | 4 164 | Cold front stals to
Worth 97.357TW south and moves
NW C13 north

9 Fort 32.806N 1999-08-05 | 18-21 | 4 154 High pressure devel-
Worth 97.357W opsat 12 GMT
NW C13

10 Longview | 32.382N 1999-08-04 | 16 1 132 | Cold front stals to
C19 94.712W south and moves

north

11 Tyler 32.358N | 1999-08-05 | 17-21 | 5 127 | High pressure devel-
Airport 95.410W opsat 12 GMT
C86

12 Longview | 32.382 1999-08-17 | 21-23 | 3 134 High pressure moves
C19 94.712NW in 30 hours after front

13 Longview | 32.382 1999-09-20 | 16 1 138 | Trough passes 3 hours
C19 94.712NW after exceedance

14 Cypress | 32.743N 2000-07-16 | 20-22 | 3 149 High pressure, strong
River 94.303W dryline to west
C50
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CHAPTER IV

RESULTS

A. Resultsfrom Green's function method

1. Climatological Eulerian flow field

Figure 4 shows the climatological geopotential height at 850 hPa over Texas during
July. Lower heights over west Texas indicate the semi-permanent area of low pressure in
the desert southwest known as the North American thermal low (NATL). West Texas ex-
periences the eastern portion of the counter-clockwise circulation around this low. Higher
heights in east Texas are connected to the semi-permanent area of high pressure in the
Caribbean and eastern Atlantic known as the Bermuda High. Central and east Texas are
influenced by the western edge of the clockwise circulation around this area of high pres-
sure. Texas lies within the transition zone between these two pressure areas and typically
experiences widespread southerly flow during the summer months. The geopotential height
climatology allows us to anticipate that the general character of the particle trajectoriesin

the lower atmosphere will be northward.

2. Probability distribution of Houston air particles

As an example, the climatological transport from the Houston area is shown in Figure
5at 6, 12, and 24 hours after the particle release time. The four corners of the black
rectangle surrounding Houston represent the initial points of the Houston urban subset;
dots represent the individual air particles initialized at altitudes below 850 hPa; and the
contours represent the probability density normalized by the peak density value (peak = 1).
The distributions show that the clockwise circulation around the Bermuda High dominates

the transport of particles during July. Particles move north and then east. Figure 5a shows
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Fig. 4. Climatological geopotential height at 850 hPafor July (in meters)
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that 6 hours after release the probability distribution of the particles is essentialy circular.
The particles move north and are most likely to be approximately 110 km north-northeast
of downtown Houston (mean speed of 5.4 m - s~1). Figure 5b shows that 12 hours after
release the distribution remains nearly circular. The particles have continued moving north
and are now centered about 240 km north of downtown Houston over rural east Texas (mean
speed of 5.5 m - s71). Tyler, atown of 83,650 with occasional summer ozone exceedances
attributed to air transported from Houston (Texas Commission on Environmental Quality
in Austin, Texas, 2000), lies within the 0.6 isopleth at 12 hours . Figure 5c shows that 24
hours after initialization the probability distribution is still roughly circular. Particles have
moved far enough north to enter the northern edge of the clockwise circulation and have
begun to move east (mean speed of 7.1 m/s). The distribution is centered over Texarkana,
roughly 600 km from downtown Houston. The increase in mean speed with increasing
time is due to some of the particles moving to higher atitudes where mean wind speeds are

larger.

3. Vertical distribution of Houston air particles

The vertical distribution of particles 6, 12, and 24 hours after their release in Houston is
shown in Figure 6. The obviouslayering evident in Figure 6ais aresult of the initialization
of particles a 7 discrete levels below 850 hPa. Figure 6b shows that the rate of northward
particle motion increases with altitude. A small fraction of the particles move southward.
Similarly, continued northward motion which is much greater above 900 hPa is evident
in Figure 6¢ . The increase in the northward movement of the particles with altitude is

evidence of increasing wind speed al oft.
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Fig. 6. Vertical distributions for the Houston urban subset (a) 6, (b) 12, and (c) 24 hours
after initialization at 18Z.

4. Applications of Green's functions

As discussed previously, if the value of xq is fixed, (G(x,xo,t)) describes how air

initially at xq disperses throughout the atmosphere as a function of ¢ in a climatological
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sense. () can be used to calculate an approximate solution for the evolution of an arbi-
trary initial distribution, including, for example, both widespread (e.g., biogenic) sources
and urban-scale sources, by summing appropriately weighted sources at various initia lo-
cations. Figures 7a—7c show s(x,t) at 6, 12, and 24 hours for an initial condition that is
a combination of localized sources around all four metropolitan areas listed above. For
illustration purposes, the initial condition for each urban area is a value of 1, while the
remaining initial conditions at all other latitudes and longitudes are assigned a value of 0.
The value of s isthen calculated using (3.3). The resulting plots show the climatological
probability density of the combined transport from the four urban centers as a function of
t. By adding appropriately-weighted solutions for multiple initial timesit is aso possible

to simulate plumes from steady or time-varying sources (not shown).

Similarly, Figures 8a—8c show s(x,t) a 6, 12, and 18 hours backwards in time for
afinal condition of 1 at Dallas. The resulting plots show the climatological probability
density of sources of air transported toward Dallas as afunction of ¢. To elaborate, Figure
Baisaplot of the climatological probability density of transport 6, 12, and 24 hours prior to
arriving at the initial condition of 1 assigned to the latitude and longitude corresponding to
Dallas. It can be observed that Austin and San Antonio lie within the plotted climatol ogical
probability density in Figure 8c, while Houston lies on its eastern edge. Climatologically
(and within the resolution of the NCEP data) air in Dallasis unlikely to have passed through
Houston in the previous 18 hours.

If the climatol ogical ensemble-mean Green’sfunction (G(x, xo, t)) isknown, then the
ensemble-mean trace substance distribution (s(x, ¢)) can be computed at any location and

time by using (3.4). From (s(x,t)) a variety of derivative quantities can be found. These
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include the area-mean concentration of (s) over adestination region xp

fxD s(x,t) dx

= 4.1
SD (t) fxD dx ) ( )
and the fractional amount of (s) within the region xp, at time ¢
Jxp 8(X, 1) dx
folt) = B 21 @2)

a fx So(X7 to) dX.
The quantity fp isdirectly related to the climatological probability that an air parcel from

an initial distribution of parcels will fall within the region xp at time ¢ (Hall and Plumb,
1994).

Plotsof fp(t) illustrate how the average concentration of atrace substance at destination
changes with respect to ¢ for an ensemble of identical sources. Figure 9 shows sample
results for two sources, Houston and San Antonio, and two destinations, Tyler and Dallas.
The destinations are the | atitudes and longitudes of Tyler and Dallas. Figure 9 shows fp ()
for three cases: Houston to Tyler, Houston to Dallas, and San Antonio to Dallas. In each
case the probability rises from zero, reaches a maximum, and then decreases more slowly.
The peak inthe curve occurslater when the transport distanceislarger. The maximum value
of fp at 18 hoursin the Houston to Dallas case is only .0045, compared to a maximum for
fp of .0125 in the Houston to Tyler case, showing that Tyler is more than 2.5 times more
likely to be influenced by air from Houston than is Dallas. In comparison, transport from
San Antonio to Dallas begins to increase 6 hours after initiaization, peaks with a value
of .0025 at 24 hours and then begins a gradual decrease. Dallas is consistently influenced

more by air from Houston than by air from San Antonio over the 48 hour period shown.

Figure 9 is aplot of the absolute values of f, for different strength sources. The solid

line represents transport from Houston to Tyler, the asterisk line represents transport from
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Houston to Dallas, and the triangle line represents transport from San Antonio to Dallas.
The value of fp for transport from Houston to Dallas is greater than the value of [ for
transport from San Antonio to Dallas since four grid points were used to initialize grid tra-
jectories in Houston compared to one grid point in San Antonio. The grid trgjectories were
then used to calculate (G). In contrast, Figure 8 is a plot of the climatological probability
density of particles normalized by the total number of particles. Thus, while the density
of particles transported to Dallas from San Antonio is greater than the density of particles
transported to Dallas from Houston, the numeric value of (G), and asaresult fp, isgreater
from Houston to Dallas due to the larger number of particles. In this manner (G (x, X, 1))
can be applied to compare the relative likelihood that transport from different sources will

affect a chosen destination.

B. Statistical analysisof back trgjectories from CAMS sites

In this section the statistical characteristics of ozone levels and backward trajectory
paths from the five selected CAMS stations are investigated. The period of study is the
summertime months from 1996-1999, except for the case of Cypress River C50, for which
the years 1997—2000 are used. For each month (all years) the trgjectories are divided into
four groups based on the ozone value at the station at the time each trgjectory arrives at
the station. Ozone values of 0—40 ppm are considered low, 41-80 ppm moderate, 81-124
ppm high, and 125 ppm or greater are exceedances. The results are discussed below and
are organized by CAMS site and month. One aim of this analysisis to determine whether
ozone levels at these rural sites are influenced primarily by local pollution sources within

Texas or by air transported from outside the state.
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1. Longview C19
a July

Figure 10 shows the back trajectories for parcels arriving at Longview C19 in July
stratified by the 1-hour ozone concentration at the time of arrival. Red lines are drawn
through the locations of each CAM S stations where they approximately divide the trgjecto-
ries approaching from distinctly different directions. The trajectories are then qualitatively
divided into parcels that pass primarily over Texas in the prevailing summertime southerly
flow and those that come from the east and north. The two groups are distinguished some-
what arbitrarily by which side of the red line they lie on 24 hours before arriving at the
station. Thefigures, however, show 48-hour backward trajectories to better illustrate direc-
tional changes of the trajectories with time. For readability, not all of the trgjectories are
shown in graphs that have large numbers of trajectories. For each ozone category the frac-
tion of the particles arriving from each side of thelineis givenin the NE and SW corners of
the maps and summarized in the table below. Table 11 gives the percentages of each group
of trajectories arriving at Longview C19 in July from both sides of the line. The location

of the CAMS station of interest is shown as ared diamond.

For this site and month, in every group except the exceedances (for which there are only
two trgjectories), the majority of the trgectories come from the left side. Overall, only 21%
of the total trajectories come from the right side. However, 33% of the high level and 100%
of the exceedance level tragectories come from theright side. Thisindicatesthat high ozone
levels are more likely to be associated with transport from the north and east than low and

moderate ozone values at Longview in June.



29

July 1996-1999 Low Ozone Trajectones from Longview C19 . July 1996-1999 Moderate Ozone Trajectorles rom Longview C19
3 Tl S V 20%]
\
\
3 - : 33

\
\
\
\
\J\N\/“'?/%“/\\‘\\
[©

A \k |

NN

w

Latitude
w

Latitude

IBNE
N

| \
o2 | 16‘90 Low Ta]ectone‘s Total, 2‘81 Shown } _ \\‘ 2: | 867‘ Moderal‘e Traject(‘Jries Tola‘\. 173 Sh‘ovv_n | |
3_1 uly 1996-1999 High Ozone Trajectories from Longwew C19: OJ;uly 1996-1999 Exceedance Ozone Trajectories from Longview Clsé
7 L\ T o7

| N
3 - 33 o
b
< B |
NPl NP ali
b N 7 \

wW

Latitude
w

Latitude
©w

ﬁ

27 1
i \ | i N
67% | 138 High Trajectories Total | 0% 2 Exceedance Trajectories Total
o e ——— ‘
107 105 103 101 99 97 95 93 107 105 103 101 99 97 95 93 1
Longitude Longitude

Fig. 10. Forty-eight-hour back trajectories for low, moderate, high, and exceedance ozone
measurements at Longview C19 during July 1996—1999.
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Table I11. Percentages of low, moderate, high, and exceedance ozone tragjectories that come
from each side of the red line in Figure 10 for Longview C19 during July
1996-1999.

Site: Longview C19, July

Category Left side Right side Number
Low 82% 18% 1690
Moderate 80% 20% 867
High 67% 33% 138
Exceedance 0% 100% 2
Total 79% 21% 2697

b. August

In August the situation is very similar as apparent from Figure 11 and Table IV. In
general, while the majority of all the tragjectories come from the left, the majority come
from the right for the three higher ozone-level categories. This indicates an even stronger
relationship in August than in July between transport from the north and east and higher

level ozone values.

c. September

As seen in Figure 12 and Table V, a similar majority of the trajectories approach from
the right for all four groups during September. This is likely due to the change from the

summertime southerly flow off the Gulf, to more northerly flow resulting from an increase
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Table IV. Percentages of low, moderate, high, and exceedance ozone trajectories that come
from each side of the red line in Figure 11 for Longview C19 during August
1996-1999.

Site: Longview C19, August

Category Left sde Rightside Number
Low 64% 36% 1594
Moderate 48% 52% 949
High 45% 55% 225
Exceedance 34% 66% 6
Total 57% 43% 2774

Table V. Percentages of low, moderate, high, and exceedance ozone trajectories that come
from each side of the red line in Figure 12 for Longview C19 during September
1996-1999.

Site: Longview C19, September

Category Left side Right side Number
Low 29% 71% 1623
Moderate 2% 3% 974
High 33% 67% 138
Exceedance 0% 100% 2
Total 28% 2% 2737

in frontal passages.
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Fig. 11. Forty-eight-hour back trajectories for low, moderate, high, and exceedance ozone
measurements at Longview C19 during August 1996-1999.

2. Tyler Airport C86

a August

Trajectories from Tyler Airport C86 (32.36N, -95.41W), approximately 75 km west of
Longview C19, for August 1996-1999 resemble those from Longview C19 for August.
While Figre 13 and Table VI make it apparent that a slight majority of all the trajectories

approach from the left, the percentage of trajectories approaching from the right side of the
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line increases with ozone value.
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Table VI. Percentages of low, moderate, high, and exceedance ozone trgjectories that
come from each side of the red line in Figure 13 for Tyler C86 during August
1996-1999.

Site: Tyler C86, August

Category Left side Rightside Number
Low 53% 47% 1340
Moderate 54% 46% 1194
High 26% 74% 239
Exceedance 0% 100% 5
Total 51% 49% 2778

3. CypressRiver C50
a July

In contrast, the trajectories for July 1997-2000 from Cypress River C50 (32.74N, -
94.30W), approximately 60 km northeast of Longview C19, do not resemble the July and
August trgjectories from the nearby stations of Longview C19 and Tyler Airport C86. The
only ozone exceedances to occur at Cypress River C50 occurred in 2000, so the time period
used was shifted from 1996-1999 to 1997-2000. In Figure 14 the majority of thetrgjectories
from Cypress River C50 approach from the left side of the line for all four groups. In fact
as Table VI illustrates, the percentage of trajectories approaching from the left side of the
line remains amost constant despite changes in ozone value. However, the trajectories
from Cypress River C50 may not be as dissimilar from those from nearby stations as they
initially appear. All three of the exceedances shown at Cypress River C50 occurred in the
same event, coming from the left side of the line, and amount to the only ozone exceedances

ever recorded at the station. Furthermore, only 56 high ozone values were recorded at
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Fig. 13. Forty-eight-hour back trajectories for low, moderate, high, and exceedance ozone
measurements at Tyler Airport C86 during August 1996-1999.

Cypress River C50 in July 1997-2000, compared to 106 at nearby Longview C19. The
small sample size for high and exceedance-level ozone values at Cypress River C50 may
not indicate the relationship between increasing ozone value and direction of approach as

well as datafrom nearby stations.
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Table VII. Percentages of low, moderate, high, and exceedance ozone trajectories that come
from each side of the red line in Figure 14 for Cypress River C50 during July
1997-2000.

Site: Cypress River C50, July

Category Left sde Rightside Number
Low 79% 21% 1340
Moderate 78% 22% 546
High 82% 18% 56
Exceedance 100% 0% 3
Total 79% 21% 1945

4. Fort Worth Northwest C13
a August

The station Fort Worth Northwest C13 (32.81N, -97.36W) is approximately 215 km
west of Tyler Airport C86. Similarly to the August trgectories from Tyler Airport C86
and the July and August trajectories from Longview C19, while the majority of all the
trajectories approach from the left, the percentage of trajectories approaching the station
from the right side of the line increases with ozone value. This indicates a relationship in
Fort Worth in August, that can be seen in Figure 15 and Table V111, between higher level

ozone values and transport from the north and east.
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Fig. 14. Forty-eight-hour back trajectories for low, moderate, high, and exceedance ozone
measurements at Cypress River C50 during July 1997-2000.

5. AldineC8
a.  September

Tragjectories from Aldine C8 (29.90N, -95.33W) for September 1996-1999, shown in
Figure 16 and described in Table 1X, have roughly equal percentages approaching the
station on the right side of the line for the low-ozone, moderate-ozone, and high-ozone

trgectories, with a sharp decrease in the percentage approaching from the right for the
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Table VIII. Percentages of low, moderate, high, and exceedance ozone trajectories that
come from each side of the red line in Figure 15 for Fort Worth Northwest

C13 during August 1996-1999.

Site: Fort Worth Northwest C13, August

Category Leftside Rightside Number
Low 66% 34% 1781
Moderate 61% 39% 774
High 34% 66% 254
Exceedance 9% 91% 11
Total 61% 39% 2820

exceedance-ozone trgjectories. The fact that the majority of trajectories approach from the

right for the three lowest groups is similar to the September trgectories from Longview

C19. Most of the trajectories approach from the north and east due to the changing season

creating in an increase in frontal passages. The majority of the exceedance-ozone trajecto-

ries may approach from the left due to the local influence of industry around the Houston

ship channel, located on the left side of the line approximately 10 km southeast of Aldine

C8.

The number of trajectories in all four groups in the September 1996-1999 trajectories

from Longview C19 and the total number of trgectories for September 1996-1999 from

Aldine is similar, 2737 and 2723 respectively. The numbers are not the same because

the trajectories from times when ozone data was not recorded at the station cannot be
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Fig. 15. Forty-eight-hour back trgjectories for low, moderate, high, and exceedance ozone
measurements at Fort Worth Northwest C13 during August 1996-1999.

included. However, there are 1959 low-ozone tragjectories from Aldine and only 1623 |ow-
ozone tragjectories from Longview C19, a difference of 336 or 9% of the total number
of low-ozone trajectories from both stations. In contrast, there are 578 moderate-ozone
trgjectories in Aldine and 974 in Longview C19, a difference of 396 or 25% of the total
number of moderate-ozone trajectories for both stations. This disparity reflects the impact
of therelatively clean air from the Gulf on ozonevaluesat Aldine C8. Whiletheair arriving

from the south at Aldine C8 is newly off the Gulf, the air arriving at Longview C19 from
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Table IX. Percentages of low, moderate, high, and exceedance ozone trgjectories that come
from each side of the red line in Figure 16 for Aldine C8 during September
1996-1999.

Site: Aldine C8, September

Category Left side Right side Number
Low 31% 69% 1959
Moderate 22% 78% 578
High 30% 70% 155
Exceedance 58% 42% 31
Total 29% 71% 2723

the south has traveled over 300 km of land, resulting in fewer low-ozone tragjectories and

more moderate-ozone trgjectories for Longview C19 when compared to Aldine C8.

6. Synoptic analysis

Synoptic conditions for the three-day period surrounding exceedances are determined
from plots of geopotential height made using NCEP Reanalysis data. Additionally, sur-
face meteorological plots created by Unisys Weather are studied to evaluate the synoptic
situation. The 48-hour backward trajectories computed from the 5 selected CAMS stations
at the time of each exceedance using NCEP Reanalysis winds are studied as well. The
synoptic plots, backward station trgjectories, and ozone values are compared to determine
what conditions are prevalent when ozone exceedances occur. Similarly to the CAMS La
grangian trajectories, the ozone exceedances occurring in July, August or September from

1996-1999 at Longview C19 and August of 1996-1999 at Tyler Airport C86 are investi-
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measurements at Aldine C8 during September 1996—1999.

gated, as well as the exceedances at Cypress River C50 in July 2000. Details of the ozone

exceedances occurring at these 5 stations in the summer months from 1996—-2000 are re-

ferred to as the event numbers shown in Table 2.
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1000 hPa Geopotential Height (m) on 1997-07-16 18Z
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Fig. 18. Geopotentia height in m at 1000 hPa on 1997-07-16 at 18Z and a plot of surface
weather on 1997-07-15 at 12Z provided by Unisys Corporation, Unisys Weather
Information Services.



a. Event 1: Longview C19, 1997-07-16

In Event 1 Longview, Texas, experienced an ozone exceedance on July 16, 1997, at 16Z.
The 48-hour backward trajectory from Longview at the time of the exceedance shown in
Figure 17 revealsthat 48 to 36 hours before reaching Longview the parcel was over central
Louisiana moving slowly north. On July 15 at 4Z the parcel abruptly changed direction,
moving southwest. Over the next 24 hoursthe windsrotated from northeast to southeast and
the parcel moved northwest until it arrived in Longview. Figure 18 shows the geopotenial

height and synoptic conditions near the time of the exceedance.

Initially the parcel experienced southerly flow associated with the Bermuda High. Ap-
proximately 36 hours before the parcel arrived in Longview, a cold front passed through
central Louisiana causing winds to abruptly shift to the northeast. As the front passed and
the parcel moved south and west it was influenced by the area of high pressure behind the
cold front, accounting for the clockwise motion of the trgectory. The frequent direction
change resulted in atrgjectory that covered little distance in the 48 hours prior to its arrival
in Longview. The stagnant winds and clear skies associated with high pressure contributed

to an ozone level of 139 ppb at 16Z in Longview, 14 ppb over the one-hour standard.

b. Event 2: Longview, TX, 1998-08-16

In Event 2 Longview exceeded the one-hour ozone standard again on August 16, 1998,
at 197 with avalue of 127 ppb. The 48-hour backward trajectory in Figure 19 shows very
stagnant flow, with the trajectory moving less than 250 km overall. A strong high, shown
in Figure 20, was centered over northeast Texas on the 16th with a geopotential height of
amost 175 m at the 1000 mb level. The high pressure caused calm winds at the surface,
clear skies, and a high temperature of 92 F. The abundant sunlight and lack of mixing led

to an 0zone exceedance.



Ozone (ppm)

Fig. 19. 48-hour

2 Day Backward Trajectories from Longview for 1998-08-16 19Z

\
%WL F
33 - %
8.~ K !
23
. \ ’ %
< E@
<
, T y/ R
107 105 103 101 99 97 95 93 91
Longitude
Longview Ozone Values for 1998-08-15 to 1998-08-17
200 T T T T T T T T T
i 8/15/1998 8/16/1998 8/17/1998 7
150 — —
L . |
100 |— o —
= + + + 4
+ 7 o : +
L . |
L . ++ + . 4+ * |
50 — + + + + +++ * 4 |
L T + * o + 4
L + T 4t + _
:+4—F * +++ o +<H»+i
F i
0 il ! ! ! ! ! ! ! !
0 6 12 18 6 12 18 0 6 12 18 0
Hours (CDT)
backward trgjectory for Event 2. Ozone values

1998-08-15-1998-08-17 are a so shown.

45

for



46

Surface Geopotential Height (m) on 1998-08-16 18Z
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Fig. 20. Geopotential height in m at 1000 hPa on 1998-08-16 at 18Z and a plot of surface
weather on 1998-08-17 at 0Z provided by Unisys Corporation, Unisys Weather
Information Services.
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c. Event 3: Longview, TX, 1998-08-28

Over aweek later in Event 3 on August 28, 1998, at 19Z, Longview experienced an-
other exceedance with an ozone value of 129 ppb. The 48-hour backward trgjectory from
Longview shown in Figure 21 initially showed the parcel moving northwest, then changing
direction to move northeast before shifting to the northwest roughly 12 hours before arriv-
ing. From 48 to 12 hours before arriving the parcel was influenced by southwesterly flow
into a warm front associated with a low centered in northeast Missouri, shown in Figure
22. Then on the 28th around 7Z the trgjectory began to be influenced by the cold front

approaching from the northwest.

The cold front arrived in Longview at 23Z, as shown in Figure 22, bringing light winds
and showers. The exceedance was a result of light winds, abundant sunlight, and a high
temperature of 101F. Additionally, air from both Houston and the Dallas/Fort Worth area
likely influenced Longview, from the southeasterly and northwesterly flow, respectively.
Ozone values remained high the next day, peaking with a value of 123 ppb at 17Z. The
passage of the front brought air that had been moving north out of Texasfor several daysin
the typical summertime southerly flow back into the Longview area within 18 hours. The
lifetime of surface ozone is generally afew days, so a significant portion of the ozone was
brought back to the Longview area before it was depleted, contributing to an ozone level of

123 ppb on the 29th.

d. Event4: Longview, TX, 1998-09-03

In Event 4 at 227 on the 3rd ozone reached 125 ppb in Longview. The backward
trgectory in Figure 23 reveals that up to 6 hours before arriving the flow was from the
northeast, due to asmall area of high pressure over Arkansas ahead of atrough approaching

from the west.
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2 Day Backward Trajectories from Longview for 1998-08-28 19Z
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Fig. 21. 48-hour backward trgectory for Event 3. Ozone vaues for
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Fig. 22. Geopotential height in m at 1000 hPa on 1998-08-28 at 18Z and a plot of surface
weather on 1998-08-29 at 0Z provided by Unisys Corporation, Unisys Weather

Information Services.
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Around 16Z the trajectory began to be influenced by the trough shown in Figure 24,
and the parcel turned clockwise to move north. No precipitation was associated with this
trough. A temperature of 98F and sunny skies in combination with a relatively stagnant

tragjectory due to the change in wind direction led to an exceedance.
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e. Events5 and 6: Houston, TX, 1998-09-03 and 1998-09-04

Two areas in east Texas experienced ozone exceedances beginning on September 3,
1998. In Event 5 Aldine, a station 10 km southwest of downtown Houston experienced
exceedances on September 3, 1998, from 17-20Z, as well as on the following day in Event
6 from 2-3Z and 17-19Z. The backward trajectories from Aldine in Figure 25 resemble the
one from Longview. They parcelsinitially move southwest before negotiating a clockwise
turn. This clockwise motion becomes more pronounced the later the trajectory’s arrival
time. For example, the trgjectories in Event 5 are moving west before arrival, while those
in Event 6 from 2-3Z move west-northwest, and finally those from 17-19Z move north-

northeast.

The later trgjectories are influenced by the passage of the trough, shown in Figure 26,
farther back in time, giving it more timeto affect their motion. In fact, the strong clockwise
motion of the parcels in Event 6 is due to an area of high pressure in southeast Texas
that forms as the trough stalls. Ozone values were higher in Event 6 due to the parcels
slower clockwise loop around southeast Texas industrial gulf coast, with three hours of
exceedance-level values peaking at 155 ppb at 19Z. A less stagnant backward tragjectory for
Event 5 produced alower peak ozone value of 143 ppb at 20Z, and atotal of four hours of

ozone values greater than 125 ppb.

f. Event 7: Fort Worth, TX, 1999-08-03

Ozone exceedances were widespread, impacting Fort Worth, Longview, and Tyler,
Texas, from August 3, 1999, to August 5, 1999 in Events 7-11. To begin, in Event 7
Fort Worth experienced an ozone exceedance of 132 ppb on August 3 at 20Z. The 48-hour
backward trajectory for Event 7 in Figure 27 undulates between 12 hours of parcel mo-

tion to the northwest, followed by 12 hours of southwest motion, throughout the 48 hours
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shown. The parcel’s northwesterly and southwesterly motion is due to its path north and
south of a slow-moving approaching cold front shown in Figure 28. In the days before
the exceedance central Texas experienced typical summertime southerly flow. The overall

motion of the parcel to the southwest caused the air that had been previoudly transported
northward in this southerly flow to be cycled south back into Texas. Temperature peaked at
98F at the time of the exceedance. The air that thad been transported into the area from the
northeast likely contained ozone precursors after traveling over many kilometers of popu-
lated and industrialized land in the midwest. Air that had traveled north in the summertime
southerly flow over Texas and the western Gulf coast states in advance of the front was also
transported back into the region. Sunshine and light windsin combination with the cyclical

transport of air north and then southwest across Texas were likely the contributing factors

behind this exceedance.
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Fig. 24. Geopotential height in m at 1000 hPa on 1998-09-04 at 0Z and a plot of surface

weather on 1998-09-04 at 0Z provided by Unisys Corporation, Unisys Weather
Information Services.
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g. Event 8: Fort Worth, TX, 1999-08-04

The synoptic conditions were the same for exceedances occurring the next day in Fort
Worth during Event 8. Event 8 consisted of one-hour ozone exceedances from 18-21Z
peaking at 164 ppb at 19Z. During Event 8 north Texas experienced mostly cloudy skies
with scattered precipitation, light winds, and temperatures in the mid-nineties. The back-
ward trgjectory shown in Figure 27 shows consistent parcel motion to the southwest. Again,
the transport of air southwestward into Texas that had previously been moved north across

Texas in the southerly flow before the frontal passage likely contributed to the exceedance.

h. Event 9: Fort Worth, TX, 1999-08-05

In Event 9 on August 5th, ozone exceedances persisted in Fort Worth, occurring from
18-217 and peaking at 154 ppb at 20Z. North Texas was experiencing widely scattered
showers and temperatures in the upper nineties. Trajectories for Event 9 in Figure 27 show
southwesterly parcel motion for all but the last twelve hours, during which the parcels
move west. The cold front stalls across Fort Worth from the 3rd at 0Z, shown in Figure
28, to the 5th at 0Z. An area of high pressure develops in northeast Texas around 12Z on
the 5th in the wake of the trough, inducing easterly winds in Fort Worth. The ozone-laden
air transported southwest into the area over the previous days by the front, in combination
with the presence of high pressure over the area after the front stalled, contributed to the

exceedances.

i. Event 10: Longview, TX, 1999-08-04

In Event 10 Longview experienced an ozone value of 132 ppb at 16Z. The backward
trgjectory in Figure 29 showsthe parcel consistently moving southwest sinceit arrived after

those shown in Event 7 arriving in Fort Worth, and was influenced by the northeasterly flow



58

behind the cold front throughout the 48-hour period. As shown in Figure 30, north Texas
experienced mostly cloudy skieswith scattered precipitation, light winds, and temperatures
in the mid-nineties. The forces behind the exceedance are the same as those behind the
exceedancesin Fort Worth during Events 7-9, ozone-laden air from Texas and the northeast

U.S. is brought southwest in Texas.

j. Event 11: Tyler, TX, 1999-08-05

In Event 11 Tyler experiences exceedances from 17-21Z with ahigh value of 127 ppb at
19Z. The 48-hour backward trajectories from Tyler in Figure 31 show the parcels moving
consistently to the southwest. As seenin Figure 32, the cold front stalls west of Tyler from
the 3rd at 0Z to the 5th at 0Z. An area of high pressure develops in northeast Texas around
127 on the 5th in the wake of the trough, maintaining northeasterly winds in Tyler. The
parcels moving toward Tyler do not move west 12 hoursbefore arrival asthey did in Event 9
to Fort Worth, because Tyler is 215 km east of Fort Worth and experiences the northeasterly
flow on the east side of the high. Again, the southerly transport of ozone-laden air likely

contributed to the exceedance.

k. Event 12: Longview, TX, 1999-08-17

Two weeks after these widespread high ozone values Longview reported exceedances
during Event 12, peaking with a value of 134 ppb at 21 and 22Z. 48 to 36 hours before
arriving the trajectories shown in Figure 33 were moving southwest, due to flow behind a
cold front that passed on the 15th around 12Z. As shown in Figure 34, around 12Z on the
16th an area of high pressure formed behind the cold front over southern Arkansas, with a

surface pressure of 1020.6 mb. The high persisted until the trajectories arrived, as seen in
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Figure 34, causing a clockwise turn in the parcels motion. Clear skies, very light winds
resulting in a slow-moving trajectory, and a high temperature in the upper nineties coupled
with ozone-laden air from the northeast being transported into the area by the southwesterly

flow of the cold front led to an exceedance.

[.  Event 13: Longview, TX, 1999-09-20

In Event 13, Longview experienced alate-season ozone exceedance of 138 ppb at 16Z.
The 48-hour backward trgjectory from Longview in Figure 35 reveals that up to 12 hours
before arriving the parcel experienced light easterly winds associated with the southern
portion of the clockwise circulation around an area of high pressure over the eastern U.S.
Around 0Z on the 20th acold front with a surface pressure of 1005 mb, shown in Figure 36,
approached from the west. The trgjectory began to show parcel motion to the northwest,
under the influence of southeasterly winds on the eastern edge of the counterclockwise
circulation around the low. The front eventually passed through Longview 3 hours after
the exceedance at 19Z. Longview was experiencing clear skies, wind speeds of 4 m/s, and
a temperature of 89F at 16Z. The southeasterly flow likely brought air on its way north-
northwestward from Houston into the area. Light winds and ozone-laden air from southeast

Texas along with abundant sunlight led to an exceedance.

m. Event 14: Jefferson, TX, 2000-07-16

The only one-hour ozone exceedances recorded at Cypress River C50 occurred on dur-
ing Event 14. Ozone values were greater than 125 ppb for 3 hours and peaked at 21Z with
a value of 148 ppb. The 48-hour backward trgjectory in Figure 37 shows steady parcel

motion from the south-southwest, with the trgjectory passing roughly 50 km to the west of
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downtown Houston 24 hours prior to arrival. The surface chart explains that the northward
flow was induced by a stalling trough. Almost 48 hours before arrival the trough, shown
in Figure 38, ran horizontally across Texas near 31N. The western half of the trough had
moved north to 33N 12 hours later, while the location of the eastern half remained con-
stant. The eastern half of the trough also moved north to 33N 24 hours prior to arrival,
and remained there until dying out 12 hours later. Cypress River C50 experienced a high
temperature of 99 F on July 16 at the time of the exceedance along with calm winds and
clear skies. The cyclical motion of the air across Texas, coupled with high temperature,

clear skies, and calm winds resulted in an exceedance-level ozone event.
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Surface Geopotential Height (m) on 1999-08-03 18Z
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Fig. 28. Geopotentia height in m at 1000 hPa on 1999-08-03 at 18Z and a plot of surface
weather on 1999-08-04 at 0Z provided by Unisys Corporation, Unisys Weather
Information Services.
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Surface Geopotential Height (m) on 1999-08-04 187

45 - 5

Latitude

)
2% v —50

15

-120 -110 -100 -90 -80 -70
Longitude

Surface Plot for 1999-08-05 0Z provided by Unisys Corporation, Unisys Weather Information Services

) - | bty
P o Y e \ i 7
: oy ] | \ H
5 -

J"..,.".,- - | . el Ul
v ' i e 1P g
| ¥ K g
; o i T2 il
A ."', # 3 | o 1. -
b A T L] ] \ - ]
g s T | 'J.ﬂ,-'"*
-3 N T _;' J 5 | - - &
" ¥ .'I H - I_._ il o o | 7
\ -, 01 A 4 —
\ 4 J i
':lﬁ‘.. y *NE Tk ¥ y
. :. | - ! 3 A - |
L it ¥ i
oo J A = = .!
o -\ - ==Y !
b ol "
y 23 |
F o

1 a |_.-. L
Y -
=y &i ¥ B onisrs

Fig. 30. Geopotentia height in m at 1000 hPa on 1999-08-04 at 187 and a plot of surface
weather on 1999-08-05 at 0Z provided by Unisys Corporation, Unisys Weather
Information Services.



Fig. 31. 48-hour

2 Day Backward Trajectories from Tyler for 1999-08-05 17-21Z
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Ozone vaues for
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Surface Geopotential Height (m) on 1999-08-05 18Z
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Fig. 32. Geopotentia height in m at 1000 hPa on 1999-08-05 at 187 and a plot of surface
weather on 1999-08-05 at 12Z provided by Unisys Corporation, Unisys Weather

Information Services..
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Fig. 33. 48-hour backward trajectories from Longview C19 for Event 12. Ozone values for
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Surface Geopotential Height (m) on 1999-08-17 18Z
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Fig. 34. Geopotentia height in m at 1000 hPa on 1999-08-17 at 18Z and a plot of surface
weather on 1999-08-18 at 0Z provided by Unisys Corporation, Unisys Weather
Information Services.



Ozone (ppm)

Latitude

200

150

100

50

2 Day Backward Trajectories from Longview for 1999-09-20 16Z

374 |
35 \
et
%W\L B
F 3
33 5 M
31 \ \l{ g/
\ ’ &/L\ o
< =
<
29 m %
. 7
25+ ‘
107 105 103 101 99 97 95 23 91
Longitude
Longview Ozone Values for 1999-09-19 to 1999-09-21
T T T T T T T T T
9/19/1999 9/20/1999 9/21/1999 7
L + i
_ . N i
- o+ 4
. * +
L . y _
+
- -H-+ + -
L + i
- + + + -
L ] i
I ]
L * ++++++ N
L+ s et 4]
L+ + + + H ++
ha ! ! +y ! ! ! ! !
0 6 12 18 6 12 18 0 6 12 18 0
Hours (CDT)
backward trgectory for Event 13.

Fig. 35. 48-hour
1999-09-19-1999-09-21 are aso shown.

69

Ozone vaues for
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Surface Geopotentlal Height (m) on 1999-09-20 187
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Fig. 36. Geopotential height in m at 1000 hPa on 1999-09-20 at 187 and a plot of surface
weather on 91999-09-20 at 127 provided by Unisys Corporation, Unisys Weather
Information Services.



2 Day Backward Trajectories from Cypress River for 2000-07-16 20-22Z
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45
j NN 0>\§,p \

,,
L 3

25
R,
15 oL \ﬁk/\

L
-120 -110 -100 . -9
Longitude

Surface Plot for 2000-07-16 0Z provided by Unisys Corporation, Unisys Weather Information Services

Latitude

0 -80 -70

@onisve

Fig. 38. Geopotential height in m at 1000 hPa on 2000-07-17 at 0Z and a plot of surface
weather on 2000-07-16 at 0Z provided by Unisys Corporation, Unisys Weather

Information Services.



73

CHAPTERV

CONCLUSIONS

A. Conclusions from Green’s function methods

During the summer season the atmospheric circulation over Texas is dominated by the
clockwise circulation around the Bermuda High. Trajectories calculated using kinematic
L agrangian methods show that air throughout most of Texas moves north before gradually
curving east as a consequence of the clockwise circulation. Accordingly, particles released
in Houston move first north and then east, following tragectories through east and northeast
Texas over the 24-hour period following release. By estimating Green’s functions for the
transport equation from the trgjectories, it is possible to evaluate the probable evolution of
an arbitrary initial distribution of atrace substance. The calculated Green’s functions can
be applied to questions of urban air quality, such aswhen and to what extent pollution from

a given source impacts another area.

B. Conclusionsfrom CAMS Lagrangian trajectories

The percentage of trajectories approaching the sites Tyler Airport C86, Longview C19,
and Fort Worth Northwest C13 in July and August from the north and east increases with
increasing ozone value. The percentages of high and exceedance level trajectories ap-
proaching from the north and east are larger than the percentage of total trajectories that
approach from the north and east for the three sitesaswell. Thesetwo relationshipsindicate

that transport from the north and east is associated with increased ozone values.

The polluted air arriving at the CAMS sites from the east and northeast could have

acquired its pollutant load along the Gulf Coast and in the southeast U.S. or possibly from
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farther north in the midwest. Further study will be necessary to distinguish between these

alternatives.

The majority of trgectories from Cypress River C50 come from the left side of the
line despite ozone value. However, too much value should not be imparted to this result
due to the small sample size of high and exceedance-level ozone values at the station.
The majority of trajectories for al four groups in September 1996-1999 from Aldine C8
and Longview C19 come from the north and east, or the right side of the line, due to the

increase in the frequency of frontal passages with the onset of fall.

C. Conclusions from synoptic method

It appears that the relatively high pressure associated with the Bermuda High that typ-
ically causes cam winds, clear skies, and southerly flow over Texas in the summer is not
sufficient on its own to produce an ozone exceedance. Only one exceedance of those dis-
cussed here was produced under those conditions, that being the exceedance that occurred
in Longview on August 16, 1998. Of the remaining exceedances 62% were associated with

the passage of a cold front, while 38% were associated with the passage of atrough.

It appears that the passage of fronts and troughs is conducive to exceedances because of
thetransport of air from the southeast or midwest parts of the U.S. into Texas. Northeasterly
flow could also bring ozone-laden air from the southeast into the region. Additionally, high
pressure develops in the wake of these passages, causing conditions favorable to ozone

exceedances such as clear skies, calm winds, and high temperatures.

The only southerly exceedance trgjectory was Event 14 at Cypress River C50. The air

was likely influenced by ozone precursors from metropolitan Houston on its way northeast,
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and the exceedance was likely brought on by intrastate transport of ozone-laden air coupled
with meteorological conditions favorable to an exceedance. Events 1-3 at Longview C19
all exhibited highly stagnant trajectories and comparatively low exceedance-level ozone
values. These exceedance events can also likely be attributed to intrastate ozone-laden air

transport coupled with meteorological conditions favorable to exceedances.

The remainder of the events' trgectories are either entirely northeasterly or largely
northeasterly before making a clockwise turn to become southeasterly. Longview C19,
Tyler Airport C86, and Fort Worth NW C13 experienced entirely northeasterly trajectories.
Longview C19 and Aldine C08 experienced northeasterly rotating to southeasterly trajec-
tories. Of the two trgjectory types, the northeasterly rotating to southeasterly trajectories

occurred with higher ozone values at Longview C19.

In conclusion, 28% of the exceedance trajectories can be attributed to intrastate transport
while 72% undergo asignificant amount of interstatetravel. All of theinterstate exceedance
trajectories are from the northeast when initialized, 48 hours before arrival. This indicates
a relationship between exceedance level ozone values in Texas and transport of air from

states to the east and northeast.



76

REFERENCES

Bowman, K. P, and Carrie, G. D. 2002. The mean-meridional transport circulation of the

troposphere in an idealized GCM. J. Atmos. <ci., 59, 1502-1514.

Hall, T. M., and Plumb, R. A. 1994. Age as a diagnostic of stratospheric transport. J.
Geophys. Res., 99, 1059-1070.

Holzer, M. 1999. Analysisof passive tracer transport as modeled by an atmospheric general
circulation model. J. Climate, 12, 1659-1684.

Holzer, M., and Boer, G. J. 2000. Simulated changes in atmospheric transport climate. J.
Climate, 14, 4398-4420.

Kanay, E., Kanamitsu, M., Kistler, R., Collins, W., and Deaven D., et a. 1996. The
NCEP/NCAR 40-year reanaysis project. Bull. Am. Meteorol. Soc., 77, 437—471.

Peppler, R.A. 2000. ARM Southern Great Plains Site Observations of the Smoke Pall
Associated with the 1998 Central American Fires. Bull. Am. Meteorol. Soc., 81, 2563—
2591.

Rogers, C. M., and Bowman, K. P. 2001. Transport of smoke from the Central American

fires of 1998. J. Geophys. Res., 106, 28,357-28,368.

Senff, C., Banta, R. M., Darby, L. S., R. J. Alvarez, II, and Sandberg S. P, et a. 2002.
Horizontal and vertical distribution of ozone in the Houston area during the 8/29/2000-
9/6/2000 pollution episode. Report 10.18: available from American Meteorological
Society in Boston, MA.



77

Texas Commission on Environmental Quality in Austin, Texas. 2000. State Implementa-
tion Plan for ozone in Texas, Appendix N: Demonstration of transport from the HGA

ozone nonattainment areato DFW. April 2000 revision.



78

VITA

Darielle Nicole Dexheimer attended The University of Texas at Austin from 1996—
2000 with a major in hydrogeology. She attended Texas A&M University in May 2000
and received her Bachelor of Science in atmospheric sciences in 2001. In May 2001 she
began graduate school at Texas A&M University on a UNESCO fellowship. Ms.

Dexheimer can be reached through her parents at 720 Carol Ln., Burleson, Texas.

The research for this thesis was supported by a two and a half year grant from the
Texas Air Research Center. The grant was intended to support investigation into

regional-scale atmospheric transport and air quality in Texas.



