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ABSTRACT

A quantitative climatological analysis of regional-scale atmospheric transport in Texas is developed using pre-
viously described Lagrangian (kinematic) trajectory methods. The trajectories are computed using resolved winds
from 1979 to 2001 from the National Centers for Environmental Prediction–National Center for Atmospheric
Research reanalysis project dataset. The wind data do not include small-scale turbulent atmospheric motion. The
probability distributions of particle trajectories can be used to estimate the climatological (ensemble mean) Green’s
function for the mass conservation equation for a passive trace substance. A discrete approximation of the Green’s
function is computed for low-level summertime atmospheric flow over Texas. Examples are provided of the use
of the Green’s function to estimate both forward and backward transport properties. The Green’s function can be
used to evaluate the climatological probability of transport by the resolved flow to or from a given location.

1. Introduction

Among the unfortunate consequences of increasing
population and economic growth in many areas of the
world are serious urban and regional air-quality prob-
lems. These problems can result from both local emis-
sions and from the transport of pollutants from outside
the local area. As a result, understanding regional at-
mospheric transport is crucial to determining the rela-
tionship between source locations and local air quality.

In a previous study of a regional-scale pollution event,
Rogers and Bowman (2001) investigated the unusual
transport of biomass-burning smoke from Mexico and
Central America to the United States during the spring
and early summer of 1998 (see also Peppler et al. 2000).
Rogers and Bowman (2001) found that, at that time of
year, transport from southern Mexico and northern Cen-
tral America alternates between northward flow toward
the United States and westward flow into the Pacific
basin. Comparison of particle (air parcel) trajectories
with satellite observations of smoke from the fires
showed that global atmospheric analyses [e.g., the 2.58
3 2.58 National Centers for Environmental Prediction
(NCEP)–National Center for Atmospheric Research
(NCAR) reanalysis described below] are capable of re-
solving regional-scale atmospheric transport properties
in this situation. During the spring of 1998, drought and
widespread agricultural burning led to unusually large
smoke production. During May 1998, episodes of north-
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ward flow were more common than during other recent
years, and at times large amounts of smoke were trans-
ported 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 un-
usual smoke production and to abnormally strong north-
ward transport.

This paper describes a quantitative method to char-
acterize the climatological regional-scale transport by
relating kinematic particle trajectories to the solutions
of the mass conservation equation for a passive trace
substance. The climatological description can be used,
among other things, to determine the likelihood that a
region would be influenced by transport from particular
source areas.

The goal of this work is not to characterize the dis-
persion of a puff or plume from a pollution source, but
to provide a quantitative description of the climatolog-
ical transport by the atmospheric wind field at a given
scale. The wind field could be taken from observations,
from models, or from assimilated datasets that merge
the two. In this study, three-dimensional winds are taken
from the NCEP–NCAR reanalysis project data (Kalnay
et al. 1996). No attempt is made to include unresolved
features of the flow, such as mesoscale circulations, or
the effects of subgrid-scale processes, such as boundary
layer turbulence. The method presented is quite general,
however, and could be applied to velocity fields that
include stochastic or deterministic representations of
turbulent transport. That is, the approach used here,
which is based on the Green’s function of the mass
conservation equation, could be combined with disper-
sion models if the dispersion parameters are sufficiently
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well known. Alternatively, given a database of high-
resolution meteorological simulations for a region, the
Green’s function method can provide a climatological
description of transport for that region at all resolved
scales.

2. Data

In this study, trajectories are computed using three-
dimensional winds from the NCEP–NCAR reanalysis
project data (Kalnay et al. 1996). These data are used
because of their temporal and spatial coverage, quality
control, and availability. The reanalysis process uses a
uniform global data assimilation system. Input data for
the reanalysis include global rawinsonde data, Compre-
hensive Ocean–Atmosphere Data Set (COADS) surface
marine data, aircraft data, surface and synoptic data,
satellite sounder data, and Special Sensor Microwave
Imager (SSM/I) surface wind speeds. The quality and
quantity of these data sources vary with time. For this
study, data are taken from the 22-yr period 1979–2000.
Mean climatological geopotential heights are taken from
the long-term climatological means, which are based on
the 29-yr period 1968–96.

The reanalysis includes data for temperature, geo-
potential height, and zonal and meridional winds at 17
pressure levels from 1000 to 10 hPa, and vertical ve-
locity in pressure coordinates at the 12 lowest pressure
levels. Data are available on a 2.58 3 2.58 global lati-
tude–longitude grid. The relatively coarse resolution of
the model grid for regional-scale analysis is offset by
the quality and length of the data record and the uni-
formity of the assimilation methods. The methods de-
scribed below can be applied to higher-resolution ret-
rospective datasets as they become available in the fu-
ture, or to forecast products. Additionally, the NCEP–
NCAR reanalysis data are available only in pressure
coordinates, which presents some problems where there
is elevated terrain. Unfortunately, it is not possible to
reconstruct the motion in the original terrain-following
coordinates of the NCEP–NCAR model. Given the orig-
inal model output, however, the trajectories could be
computed using terrain-following coordinates. Because
the area considered here is mostly low elevation, the
errors are not large.

3. Methods

a. Green’s function method

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

]s
1 v · =s 5 0, s(x, t ) 5 s (x), (1)0 0]t

where x is position, t is time, s is the mass mixing ratio

of the trace substance, v is velocity, and s0(x) is the
initial condition at t 5 t0. If v is known, then (1) is a
linear differential equation for s.

A formal solution to (1) can be found through a Green’s
function approach (Hall and Plumb 1994; Holzer 1999;
Holzer and Boer 2001; Bowman and Carrie 2002). The
Green’s function G is the solution to (1) for all possible
d-function initial conditions (all x0), that is,

]G
1 v · =G 5 0, G(x, x , t ) ⇒ d(x 2 x ). (2)0 0 0]t

The principal advantage of this solution technique is
that, if G can be found, the solution to (1) for an ar-
bitrary initial condition s0(x) is given by

s(x, t) 5 s (x )G(x, x , t) dx . (3)E 0 0 0 0

x0

This approach can be easily extended to find the cli-
matological transport properties of the atmosphere. Giv-
en an ensemble of v fields, (1) can be solved repeatedly
for the same initial condition. The ensemble mean so-
lution ^s& is found by taking the ensemble mean of (3),
which yields

^s(x, t)& 5 s (x )^G(x, x , t)& dx . (4)E 0 0 0 0

x0

(The initial condition s0 is the same for each member
of the ensemble.) Therefore, for a specified initial dis-
tribution the ensemble mean tracer distribution at future
times can be found from the ensemble mean Green’s
function, ^G&. More important, perhaps, ^G& provides a
quantitative description of the climatological transport
of a conserved passive tracer from an arbitrary initial
location x0. Thus, ^G& is one way to represent the cli-
matological transport circulation of the atmosphere.

The function ^G& could be estimated by solving the
Eulerian (2) repeatedly for different x0 and v, but the
computational costs are high. It is possible, however, to
estimate ^G& from air parcel (particle) trajectories be-
cause of the close connection between the solutions to
the trajectory equation

dx9
5 v(x9, t), x9(t ) 5 x9, (5)0 0dt

and the solutions to (2). In (5), x9 is the position of the
particle as a function of time t, v is the velocity, and

is the initial location of the particle at t 5 t0. (Primesx90
are used to explicitly denote a particle trajectory.) The
Green’s function for (1) is

G(x, x , t) 5 d[x 2 x9(x9 , t)],0 0 (6)

where x9( , t) is the solution to (5) and x0 5 . Thisx9 x90 0

occurs because the trajectories are simply the charac-
teristics of (1). An alternative way of stating this result
is that the transport operator simply advects the d-func-
tion initial condition without changing its shape (in the
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FIG. 1. Grid of initial points for trajectory calculations.

FIG. 2. Climatological geopotential height (m) (1968–96) at 850
hPa for Jul.

absence of diffusion). The path followed by the d func-
tion is the same as the path followed by a particle with
the same initial location, x0. Particle trajectories can be
used, therefore, to construct the Green’s function. Bow-
man and Carrie (2002) discuss additional details, in-
cluding sampling issues arising from particle counting.

Both forward and backward trajectories can be com-
puted so that it is possible to evaluate both where air
goes to and where it comes from. Recall that the tra-
jectories are computed using the resolved wind field
v(x9, t), which in this case omits the direct effects of
turbulent mixing in the atmospheric boundary layer. If
the characteristics of the boundary layer turbulence are
known from observations or model parameterizations,
the turbulent component of the velocity could be in-
cluded in v, using, for example, a stochastic parame-
terization.

b. Application to the Texas region

In this study, trajectories for a rectangular region con-
taining the state of Texas are computed using a standard
fourth-order Runge–Kutta scheme with a 45-min 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, x0, t)& for all possible
x0. Instead, we evaluate ^G& for a moderately dense,
discrete three-dimensional grid of initial conditions.
Particles are initialized on a regular latitude–longitude
grid with horizontal spacing of ;30 km 3 ;30 km and
18 unevenly spaced pressure levels from 998 to 200
hPa, giving 17 640 particles total. The initial horizontal
locations of particles are shown in Fig. 1. Trajectories
are initialized each day at these 3D grid locations at
1800 UTC and run forward and backward for 7 days
for every day in July from 1979 to 2000. The result is

a set of 682 (22 months 3 31 days month21) forward
trajectories and 682 backward trajectories for each par-
ticle initial location. These will be referred to as grid
trajectories. Only trajectories from particles initialized
in the lower atmosphere are used here. The modest com-
putation time required to run the complete set of tra-
jectories indicates the relatively low computational cost
of the method (roughly 40 h on a single 2.8-GHz Pen-
tium Xeon processor).

The ensemble mean Green’s function ^G(x, x0, t)& is
estimated by computing the discrete probability distri-
bution function of the particles as a function of x for
each x0 on the grid at desired times. The destination
grid x does not have to match the initial location grid
x0. Note that the ensemble mean Green’s function de-
scribes the climatological transport properties of the
flow, not the dispersion of a single release or ‘‘puff.’’

4. Results

a. Climatological Eulerian flow field

Figure 2 shows the climatological geopotential height
at 850 hPa over Texas during July. Lower heights over
west Texas indicate the semipermanent area of low pres-
sure in the desert southwest known as the North American
thermal low (NATL). West Texas experiences the eastern
portion of the counterclockwise circulation around this
low. Higher heights in east Texas are connected to the
semipermanent 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 pressure.
Texas lies within the transition zone between these two
pressure areas and typically experiences widespread
southerly flow during the summer months. The geopo-
tential height climatological description allows us to an-
ticipate that the general character of the particle trajec-
tories in the lower atmosphere will be northward.
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FIG. 3. Probability distributions for the Houston urban subset for
(a) 6, (b) 12, and (c) 24 h after initialization at 1800 UTC. The black
rectangle in southeast Texas represents the initial points of the Hous-
ton urban subset; dots represent the individual air particles initialized
at altitudes below 850 hPa; and the contours represent the value of
^s(x, t)& for an initial condition that is nonzero near Houston and zero
everywhere else. At each time the concentration ^s(x, t)& is normalized
by the maximum value of ^s(x, t)&. Isopleths are drawn at intervals
of 0.1.

Simply using the mean height or wind field, however,
does not provide any information about variability of
the resolved winds (and the trajectories) from day to
day or year to year. That information is contained in the
Green’s function.

b. Probability distribution of Houston air particles

For illustration purposes, subsets of ^G& are made of
the grid trajectories for four Texas urban areas: Austin,
Dallas/Fort Worth, Houston, and San Antonio. The sub-
sets are composed of all the grid trajectories initialized
at points surrounding each urban area (Fig. 1). The geo-
graphically larger areas of Dallas/Fort Worth and Hous-
ton are composed of four grid points, while Austin is
composed of two, and San Antonio of one. The distri-
butions are for illustration purposes only and do not
represent the actual distribution of sources in these met-
ropolitan areas. Air particle locations in the urban tra-
jectories are plotted every 6 h, and contours are drawn
showing the climatological density of particles as they
move from their initial locations. These correspond to
slices through the multidimensional Green’s function.
Only particles initialized at the lowest seven altitudes,
below approximately 850 hPa, are plotted. Particles
above 850 hPa typically lie above the boundary layer
and are not influenced by surface sources on short time
scales. In this way, a probability distribution of low-
level particle transport is created for particles released
from the four urban areas at 1800 UTC in July.

As an example, the climatological transport from the
Houston area is shown in Fig. 3 at 6, 12, and 24 h after
the particle release. The contours of particle density are
equivalent to plotting ^s(x, t)& for an initial condition
s0, consisting of a constant value within a rectanglar
region centered on Houston and zero everywhere else.
For plotting purposes, ^s(x, t)& is normalized by the max-
imum value of ^s(x, t)&.

The distributions show that the clockwise circulation
around the Bermuda high dominates the transport of
particles during July. Particles move north and then
northeast. Figure 3a shows that 6 h after release the
probability distribution of the particles is essentially cir-
cular. The particles move north and are most likely to
be approximately 110 km north-northeast of downtown
Houston (mean speed of 5.4 m s21). Figure 3b shows
that 12 h 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
s21). Tyler, a town of 83 650 with occasional summer
ozone exceedances attributed to air transported from
Houston (Texas Commission on Environmental Quality
2000), lies within the 0.6 isopleth at 12 h. Figure 3c
shows that 24 h after initialization the probability dis-
tribution is still roughly circular. Particles have moved
far enough north to enter the northern edge of the clock-
wise circulation and have begun to move northeastward
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FIG. 4. Latitude–height distributions for the Houston urban subset for (a) 6, (b) 12, and (c) 24 h after initialization at 1800 UTC.

(mean speed of 7.1 m s21). The distribution is centered
over Texarkana, roughly 600 km from downtown Hous-
ton. The increase in mean speed with increasing time
is due to some of the particles moving to higher altitudes
where mean wind speeds are larger.

c. Vertical distribution of Houston air particles

The vertical distribution of particles 6, 12, and 24 h
after their release in Houston is shown in Fig. 4. In this
case the vertical velocity contains only the large-scale
hydrostatic velocity component computed from the con-
tinuity equation. The convective transport is not in-
cluded in the available NCEP–NCAR reanalysis data.
The obvious layering evident in Fig. 4a is a result of
the initialization of particles at seven discrete levels be-
low 850 hPa. Figure 4b 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 Fig. 4c. The increase in the northward

movement of the particles with altitude is evidence of
increasing wind speed aloft.

d. Applications of Green’s functions

As discussed previously, if the value of x0 is fixed,
^G(x, x0, t)& describes how air initially at x0 disperses
throughout the atmosphere as a function of t in a cli-
matological sense. Here, ^G& can be used to estimate
the climatological probability of transport for 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 initial locations. Figures 5a–5c show ^s(x, t)& at
6, 12, and 24 h for an initial condition that is a com-
bination of localized sources around all four metropol-
itian areas listed above. For illustration purposes, the
initial condition for each urban area has a value of 1,
while the remaining initial conditions at all other lati-
tudes and longitudes are assigned a value of 0. The value
of s is then calculated using (3). The resulting plots
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FIG. 5. Distribution of ^s(x, t)& for a combination of initial con-
ditions at Houston, San Antonio, Dallas/Fort Worth, and Austin for
(top) 6, (middle) 12, and (bottom) 24 h after initialization at 1800
UTC.

show the climatological probability density of the com-
bined transport from the four urban centers as a function
of t. Once again, ^s(x, t)& is normalized by the maximum
value of ^s(x, t)&. Actual values of s^(x, t)& decrease with
time. By superimposing appropriately weighted solu-

tions for multiple initial times, it is also possible to
simulate the climatological mean result from a time-
varying or steady source (a plume). Simple loss pro-
cesses (finite lifetime effects) can also be included (not
shown).

Figures 6a–6c show backward-in-time calculations of
s(x, t) at 6, 12, and 18 h prior to a final condition at
Dallas/Fort Worth. The resulting plots show the cli-
matological probability density of sources of air trans-
ported toward Dallas/Fort Worth as a function of t. That
is, Fig. 6 is a plot of the climatological probability den-
sity of particle locations 6, 12, and 18 h prior to arriving
at Dallas/Fort Worth. It can be observed that Austin and
San Antonio lie within the plotted climatological prob-
ability density in Fig. 6c, while Houston lies on its east-
ern edge. Climatologically (and within the resolution of
the NCEP–NCAR reanalysis data) air in Dallas/Fort
Worth is not likely to have passed through either San
Antonio or Houston in the previous 18 h. This is in part
a reflection of the small amount of variability in the
lower-tropospheric flow over Texas in the summer sea-
son.

If the climatological ensemble mean Green’s function
^G(x, x0, t)& is known, then the ensemble mean trace
substance distribution ^s(x, t)& can be computed at any
location and time by using (4). From ^s(x, t)& a variety
of derivative quantities can be found. These include the
area mean concentration of ^s& over a destination region
xD,

s(x, t) dxE
xD

s (t) 5 , (7)D

dxE
xD

and the fractional amount of ^s& within the region xD at
time t,

s(x, t) dxE
xD

f (t) 5 . (8)D

s (x, t ) dxE 0 0

x

The quantity f D is directly related to the climatological
probability that a particle from an initial distribution of
particles will fall within the region xD at time t (Hall
and Plumb 1994).

Plots of f D(t) illustrate how the ensemble-mean con-
centration of a trace substance at a destination changes
with respect to t for a particular source. Figure 7 shows
sample results for two sources, Houston and San An-
tonio, and two destinations, Tyler and Dallas/Fort
Worth. The destinations are the latitudes and longitudes
of Tyler and Dallas/Fort Worth. Figure 7 shows f D(t)
for three cases: Houston to Tyler, Houston to Dallas/
Fort Worth, and San Antonio to Dallas/Fort Worth. In
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FIG. 6. Distribution of ^s(x, t)& for a final destination of Dallas/Fort
Worth for (top) 6, (middle) 12, and (bottom) 18 h before initialization
at 1800 UTC.

FIG. 7. Time variation of ^s(x, t)& for several different values of x0

and x at Houston to Tyler (solid line), Houston to Dallas/Fort Worth
(asterisks), and San Antonio to Dallas/Fort Worth (triangles).

each case the probability rises from zero, reaches a max-
imum, and then decreases more slowly. The peak in the
curve occurs later when the transport distance is larger.
The maximum value of f D at 18 h in the Houston-to-

Dallas/Fort Worth case is only 0.0045, as compared with
a maximum for f D of 0.0125 in the Houston-to-Tyler
case, showing that Tyler is more than 2.5 times as likely
to be influenced by air from Houston as is Dallas/Fort
Worth. In comparison, transport from San Antonio to
Dallas/Fort Worth begins to increase 6 h after initiali-
zation, peaks with a value of 0.0025 at 24 h, and then
begins a gradual decrease. Dallas/Fort Worth is consis-
tently influenced more by air from Houston than by air
from San Antonio over the 48-h period shown. In this
manner ^G(x, x0, t)& can be applied to compare the rel-
ative likelihood that transport from different sources will
affect a chosen destination.

5. Conclusions

During the summer season the atmospheric circula-
tion over Texas is dominated by the clockwise circu-
lation around the Bermuda high. Trajectories calculated
using kinematic Lagrangian methods show that air
throughout most of Texas moves northward before grad-
ually curving northeastward as a consequence of the
clockwise circulation. Accordingly, particles released in
Houston move first north and then northeast, following
trajectories through east and northeast Texas over the
24-h period following release. The substantial variabil-
ity of the trajectories from day to day can be seen in
the increasing dispersion of the trajectories with time
from release (e.g., Fig. 3). (This climatological disper-
sion is conceptually different from the dispersion of a
‘‘puff’’ in a single realization of the flow). The clima-
tological variability of the transport is represented by
the spreading of the ensemble mean Green’s function
(Fig. 5) and is substantial, even though small-scale tur-
bulent processes are not resolved in the wind data used.
The calculated Green’s functions can be applied to ques-
tions of regional air quality, such as when and to what
extent pollution from a given source impacts another
area. If the boundary layer characteristics are known,
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perhaps from observations or a model, then the effects
of boundary layer turbulence could be included in the
trajectory calculations and the resulting Green’s func-
tions.
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