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ABSTRACT

Back trajectory analyses are often used for source attribu-
tion estimates in visibility and other air quality studies.
Several models and gridded meteorological datasets are
readily available for generation of trajectories. The Big
Bend Regional Aerosol and Visibility Observational
(BRAVO) tracer study of July to October 1999 provided an
opportunity to evaluate trajectory methods and input
data against tracer concentrations, particulate data, and
other source attribution techniques. Results showed evi-
dence of systematic biases between the results of different
back trajectory model and meteorological input data
combinations at Big Bend National Park during the
BRAVO. Most of the differences were because of the
choice of meteorological data used as input to the trajec-
tory models. Different back trajectories also resulted from
the choice of trajectory model, primarily because of the
different mechanisms used for vertical placement of the
trajectories. No single model or single meteorological data
set was found to be superior to the others, although raw-
insonde data alone are too sparse in this region to be used
as the only input data, and some combinations of model
and input data could not be used to reproduce known
attributions of tracers and simulated sulfate.

IMPLICATIONS

Back trajectories are useful for assessments of the source
regions that contribute to measured pollutant concentra-
tions. However, the choice of back trajectory model and
input meteorological data can influence the results of these
assessments. Subtle deviations in predictions of transport
direction are especially important to evaluate for receptors
near political boundaries of interest and for those that are in
or near areas of complex terrain, sparse meteorological
measurements, or both. This study shows the value of
evaluating the trajectories against the results of other anal-
yses to determine which combination of trajectory model
and input meteorological data yields the best results.
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INTRODUCTION

Back trajectory analyses have been used routinely for at
least two decades for qualitative and quantitative source
attribution estimates in many air quality and visibility
studies, 2 and there is at least one example of a trajectory
analysis being used to forecast visibility as early as the
1940s.3 In most of these visibility studies, both the trajec-
tory model and the input meteorological data were coarse
and simplistic by the standards today. However, within
the past several years, newer trajectory models and in-
creasingly sophisticated gridded input meteorological
data have become more readily available.

There are several reasons to compare results from the
various combinations of trajectory model and meteoro-
logical input data. First, one would like insight as to
whether conclusions of older studies are still valid or are
flawed and have biased results because of an inadequate
model or input data. Second, because there are many
possible combinations of trajectory models and input
data, it is of interest to know how the different combina-
tions manifest themselves and whether this affects the
implication of source areas. Finally, although older mod-
els and coarser input data are generally assumed to pro-
duce poorer results, this has not always proven true. For
example, in a tracer study at Grand Canyon National
Park, the simplest back trajectory model performed
slightly better than two prognostic mesoscale models.*
Also, more sophisticated models and data are more ex-
pensive in terms of complexity, time, effort, and com-
puter resources. If simpler models produce similar results,
then their ease of use and lower cost may justify their
continued use. Stohl> provides a relatively recent litera-
ture review and summary of some earlier analyses of tra-
jectory accuracy.

The Big Bend Regional Aerosol and Visibility Obser-
vational (BRAVO) study®-® was designed to examine
causes of visibility impairment at Big Bend National Park
(BBNP), located in Southwestern Texas on the Texas-Mexico
border. One component of BRAVO was an intensive field
measurement study that was conducted in Texas from
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July to October 1999. These measurements provided re-
searchers with a rare opportunity to evaluate several tra-
jectory models, input meteorological data, and statistical
analysis techniques against an extensive collection of
field data, including fine particulate concentrations, up-
per level winds measured with radar wind profilers, and
perfluorocarbon tracers released from four sites in Texas.
Results from trajectory models can also be evaluated
against results from regional air quality simulations per-
formed for BRAVOQ.10,11

BBNP is a particularly challenging receptor site for
which to generate back trajectories because of its proxim-
ity to both complex terrain and the data-sparse regions of
Mexico and the Gulf of Mexico. The earliest back trajec-
tory analyses of BBNP date back to the mid-1980s when it
was observed that high-particulate sulfur occurred mostly
during September and October when trajectories arrived
from the southeast and from areas in the United States
extending back through Texas and Louisiana.'?> Another
1980s study of the areas of influence of major sulfur
dioxide source regions in the Western United States!3
found that sulfur at BBNP was influenced by sources in
Northern Mexico, including the Monterrey region, the
Arizona copper smelters (which have since substantially
reduced emissions), and the Texas Gulf Coast. Back tra-
jectory analyses of data collected during a Big Bend visi-
bility study in 1996 found that sulfur and trace element
concentrations were different for air masses from different
regions.'# Sulfur was highest when transport was from the
east and northeast including East Texas and areas farther
upwind in the Eastern United States. Other regions asso-
ciated with high sulfur were Northern Mexico and an area
on the west coast of Mexico. Back trajectories were also
used to investigate sulfur, organic carbon (OC), and soil at
BBNP for 1989-1998.15 Again, sulfur typically peaked dur-
ing summer and fall with high concentrations associated
with transport from either Northern Mexico or East Texas
and areas northeast of there. OC, usually highest in May,
was largely because of agricultural burning in Mexico and
Central America, while episodes of fine soil in July were
because of Saharan dust. All of these studies relied on back
trajectories generated with the 1980s-era Atmospheric
Transport and Dispersion (ATAD) model'® with relatively
coarse rawinsonde data as input.

In this study, back trajectories started from BBNP
calculated in the historical method using ATAD are com-
pared with those generated by the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT)!'7.18
version 4.5 and the Center for Air Pollution Impact and
Trends Analysis (CAPITA) Monte Carlo (CMC) model.*?
Each trajectory model was run using at least three differ-
ent gridded input meteorological data sets. Additionally,
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ATAD was used as designed, with only standard rawin-
sonde data and rawinsonde data supplemented with data
from four BRAVO radar wind profilers. Other BRAVO
worke compared the differences between the input mete-
orological datasets, whereas this study examines the re-
sulting back trajectories.

INPUT METEOROLOGY
Rawinsonde Data

ATAD was designed to use standard twice-daily National
Weather Service rawinsonde data. These data are available
for 1946-1997 from the National Climatic Data Center2?
and for later years can be obtained from a website main-
tained by the Forecast Systems Laboratory of the National
Oceanic and Atmospheric Administration (NOAA).2! Data
include height, pressure, wind speed, wind direction, tem-
perature, and dew point temperature. The archive consists
of all of the observations transmitted via the North Amer-
ican Global Telecommunications Service (GTS), primarily
from North and Central American civilian and some mil-
itary rawinsonde sites. Since late 1998, the archive has
been upgraded to include all international observations
transmitted via GTS. All of the raw data goes through
quality control analyses including gross error and hydro-
static consistency checks. At most sites, rawinsondes are
launched twice daily at 12:00 a.m. and 12 UTC. There are
generally one to three launch sites per state.

BRAVO Radar Wind Profilers

Data from four radar wind profilers® deployed in Eastern
and Southern Texas, at BBNP, Llano, Eagle Pass, and
Brownsville from July to October 1999 as part of BRAVO
were used to supplement the rawinsonde data for input to
ATAD. These profilers measured hourly wind speed and
direction as a function of height. Radar wind profilers
equipped with a radio acoustic sounding system also ob-
tained vertical profiles of virtual temperature, although
usually only at heights of 500-1500 m. Wind profiler data
were collected in two modes where the mode is the ver-
tical resolution. The 60-m mode extends up to ~3300 m,
and the 100-m mode reaches ~5000 m. Generally, the
60-m mode data are used for the lowest 700 mb, with the
100-m data used above that level.

Mesoscale Model
The Fifth Generation Penn State/National Center for At-
mospheric Research Mesoscale Model (MMS) Version
322,23 with four-dimensional data assimilation was run for
BRAVO primarily to provide custom meteorological data
fields for use in chemical air quality modeling. However,
because it was available, the MMS output also provided an
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alternate modeled wind field to use as input for the tra-
jectory models. The MMS5 model was run in nonhydro-
static mode using a continental-scale 36-km domain with
nested 12-km and 4-km domains. Only the 36-km output
was used for trajectory modeling. At this scale, MMS used
analysis nudging to move the solutions toward an objec-
tive analysis of observed data. Table 1 summarizes the
choices?4-28 for some of the optional parameters in MMS5.
More details of the BRAVO MMS modeling are summa-
rized in a report.23

Eta Data Assimilation System

The National Weather Service National Centers for Envi-
ronmental Prediction (NCEP) maintains operational meteo-
rological models for weather forecasting. One system is the
Eta (now North American Mesoscale [NAM]) Data Assimila-
tion System (EDAS).2%:30 EDAS meteorological fields are gen-
erated using a three-dimensional variational objective data
assimilation analysis scheme that uses the Eta/NAM forecast
model to optimally merge and spatially interpolate mea-
sured meteorological fields. The Eta/EDAS system is contin-
uously evolving, and some changes have been made since
the BRAVO study. In 1999, EDAS incorporated 34 different
data types from 26 data sets31:32 including land and marine
surface observations, upper air data from the rawinsonde
and wind profiler networks, the Aircraft Communications
Addressing and Reporting System, and meteorological fields
derived from satellite data.

In 1999, NCEP operated EDAS on a 32-km grid on a
terrain-following vertical coordinate system with 45 levels
and generated meteorological fields every 3 hr. These data
were interpolated to a 40-km Lambert Conformal grid and
isobaric levels. The NOAA Air Resource Laboratory (ARL)

Table 1. Summary of optional parameters used to run MM5 for BRAVO.
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saves a subset of the EDAS data suitable for input into
dispersion models.'® In 1999, this archive contained the
EDAS data with every other grid point saved on 22 iso-
baric surfaces for an effective 80-km grid spacing.

A fire at the NCEP computing facility on September
27, 1999, caused a month-long disruption in the avail-
ability of the EDAS data. For that reason, FNL data, de-
scribed below, were used as input to the trajectory models
instead of EDAS during October 1999. The input dataset
called EDAS/FNL refers to a dataset consisting of EDAS
when available (July-September 1999) with FNL substi-
tuted for October 1999.

FNL

The Global Data Assimilation System (GDAS)33-35 is another
operational system that NCEP runs to generate inputs for
meteorological forecast models. GDAS uses a spectral statis-
tical interpolation (SSI) scheme coupled with the spectral
Medium Range Forecast model.3¢ The SSI scheme is closely
related to the three-dimensional variational analysis system
used in EDAS, and it incorporates similar data to EDAS.
However, GDAS is the final run in the series of NCEP oper-
ational model runs and includes late-arriving data that can
not be incorporated into EDAS.37

NCEP runs GDAS four times a day at 00, 06, 12, and
18 UTC. Model output is for the SSI analysis time and a
6-hr forecast. The NCEP postprocessing of the GDAS con-
verts the data to 1° latitude-longitude (360 X 181) grids
and from the 42 o level vertical coordinate system to
isobaric levels. The NOAA ARL takes these fields and con-
verts them to polar stereographic grids with ~180-km
resolution and saves 13 pressure levels.18:38 Some fields,
such as precipitation and surface fluxes, are only available

Parameterization

Reason

Methodology

Initialization

FDDA (36-km scale)

Convection
Resolved cloud microphysics and precipitation

Planetary boundary layer and turbulence

Surface fluxes

Radiation

Eta archived data supplemented with National Weather
Service data and BRAVO profilers.

Analysis nudging with observed state estimated by
temporal interpolation between analyses; Alapaty'®
adaptation for surface thermodynamic and moisture
data; no temperature or moisture nudging in
boundary layer

Kain-Fritsch20 deep-convection parameterization

Dudhia" microphysics scheme

Shafran22 1.5-order turbulence scheme

Zhang-Anthes? surface flux scheme

Dudhia2' two-stream broad-band scheme

All reasonably available data were used

Assimilation of National Weather Service synoptic scale
data; surface adaptation because of absence of high
resolution soil moisture and temperature data

Excellent performance for semiarid climates

Most thoroughly tested; mixed-phase solutions found
to add little benefit

Includes predictive equation for turbulent kinetic
energy; most accurately represents surface
temperatures and mixed-layer depths

Two soil layers and predictive equation for ground
temperature

No reason given
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at the forecast time, so ARL merges the GDAS and forecast
runs to create a complete archive. Because GDAS is the last
operational model run, it is known as the “final run” at
NCEP, and ARL calls this archive FNL.

TRAJECTORY MODELS
ATAD

ATAD?6 is a Lagrangian parcel model with one vertical
layer. The vertical limits of the layer can be specified by
the user, but the model default (used for BRAVO) is for the
model to calculate a time-varying transport layer depth.
The base of the layer is generally 300 m above the ground.
For most time periods, the top of the layer is the lowest
level within a critical inversion at which the potential
temperature is 2 K above that at the inversion base. A
critical inversion is defined as an inversion with a poten-
tial temperature lapse rate of at least 5 K/km. When no
critical inversion exists, the transport layer top is assumed
to be 3000 m above the ground. For trajectories that begin
at night, the initial transport layer depth is approximated
by 20,, where o, is the standard deviation of the vertical
dispersion of a Gaussian plume for stable conditions cal-
culated by (2K,t)'/?, where t is travel time and K, is the
vertical coefficient of eddy diffusion (1 m?/sec.) This is
used only until the first daytime period of the trajectory.

Average winds within the transport layer are interpo-
lated spatially (inverse of squared distance weighting) and
temporally from all of the available data within 250 km. If
there are no stations within 250 km, data within 600 km
are used. The trajectory is terminated if there are no upper
air data within that radius. Complex terrain is not explic-
itly considered in the model, although the transport layer
is always =300 m above the terrain near each rawinsonde
station. A back trajectory is started from the receptor
every 6 hr. An air parcel position, or “endpoint,” is deter-
mined for every 3 hr backward in time for a maximum of
5 days. The gridded meteorological data, EDAS, FNL, and
MMS, were used in ATAD by allowing the model to as-
sume that each grid point was a rawinsonde site.

HYSPLIT
HYSPLIT'7.18 was developed by the NOAA ARL. It can
compute a range of outputs from simple air parcel trajec-
tories to dispersion and deposition simulations. For
BRAVO, the model was used in simple back trajectory
mode. Version 4.7r is now available, but modeling for
BRAVO was completed with version 4.5.

In its trajectory mode, HYSPLIT can do computations
forward or backward in time. Default vertical motion, used
for BRAVO, is to use the gridded input vertical motion data.
HYSPLIT can be run with nested meteorological data and
can use alternate vertical motion options, such as following
isobaric or isentropic surfaces, but these were not considered
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for this study. Required input is a gridded meteorological
dataset with data at regular intervals. Back trajectory posi-
tions or endpoints are calculated hourly. For BRAVO, trajec-
tories were started hourly and traced for up to 10 days.

The advection of a particle or puff is computed from
the average of the three-dimensional velocity vectors at
the initial position and at the first guess of the next
position. Velocity vectors are linearly interpolated in both
space and time. Trajectories terminate if they exit the
model top, specified as 10 km above ground level (AGL)
for BRAVO, but advection continues along the surface if
they intersect the ground. The integration time step can
vary during the simulation and is computed such that the
advection distance per time step is < 0.75 of the meteo-
rological grid spacing. HYSPLIT differs from the other two
models in that a start height must be specified. For
BRAVO, trajectories with start heights of 10, 100, 200,
500, 1000, and 2000 m AGL were generated.

CAPITA Monte Carlo

CMC" is a particle dispersion model capable of simulat-
ing regional scale transport, transformation, and dry and
wet removal of aerosols. In BRAVO, only the transport
module was used. Dispersion is simulated by releasing
multiple particles, which are then advected and diffused.
Advection of the particles is accomplished by multiplying
the mean three-dimensional wind vectors at the location
of the particle by the time step. The mean wind vector is
obtained from the input meteorological data. The gridded
wind fields are interpolated to the position of the particle
using bilinear interpolation in the horizontal and linear
interpolation in the vertical and in time. Perfect reflection
is assumed at the surface, but if a particle reaches the grid
edge or top of the model domain, it is terminated. Vertical
and horizontal diffusion are modeled separately. For par-
ticles below the mixing height, vertical diffusion is simu-
lated by evenly distributing the particles between the
surface and the mixing height. Particles enter or leave the
layer as it grows or contracts. Parameterization of hori-
zontal diffusion is by a random walk displacement where
values are randomly picked from a Gaussian distribution
with zero mean and standard deviation V2KAt. K is the
horizontal eddy diffusion coefficient and is a function of
time of day, season, and location. For these back trajec-
tory analyses, 20 particles were released from BBNP each
hour with positions tracked hourly for up to 10 days.
Backward trajectories are calculated by using a negative
time step, which is equivalent to the adjoint of the
advection-diffusion equation implemented in the CMC
model.3°

Table 2 is a summary of the major differences be-
tween the three trajectory models, including some details
of input choices for BRAVO.
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Table 2. Summary of differences among three trajectory models used for BRAVO.

Feature

ATAD

HYSPLIT

CAPITA MC

Input data type

Designed for raw sounding data; gridded

data or supplemental profiler data can

also be used
Raw soundings: 1946—present; EDAS and

Available input data

FNL: 1997—present; MM5 and BRAVO
wind profilers: July—October 1999

Horizontal motion

Within the transport layer, average winds

calculated from stations within a given

radius
Trajectory start height

As run for BRAVO, depends on transport

layer (see vertical motion)

Vertical motion

Trajectory stays in a variable calculated

transport layer, ~300-3000 m above
ground; fixed vertical layers are also

Gridded meteorological data; BRAVO study
used EDAS, FNL, and MM5 36 km

EDAS and FNL: 1997—present; MM5:
July—October 1999

Input horizontal winds

Chosen by user, for BRAVO, 10, 100, 200,
500, 1000, 2000 m above ground.

For BRAVO, input vertical winds used to
calculate transport; maximum 10-km
height; other options are available

Gridded meteorological data; BRAVO study
used EDAS, FNL, and MM5 36 km

EDAS and FNL: 1997—present; MM5:
July—October 1999

Input horizontal winds

Below mixing height

Random vertical motion in mixed layer,
vertical motion by input data above

possible

Maximum of four times per day at 0, 6,
12, and 18 UTC

Every 3 hr

Maximum 5 days

Trajectory start frequency

Frequency of output
Trajectory length

Hourly at multiple heights

Hourly* number of start heights
For BRAVO 5, 7, and 10 days

Unlimited particles per hour (used 20-50
for BRAVO applications)

Hourly* number of particles per start time

For BRAVO 5, 7, and 10 days

TEST METHODS AND RESULTS
Comparisons of Individual Trajectories

As a first step, we graphically examined the horizontal
and vertical locations of back trajectories generated by
each model/data combination for each day of the BRAVO
study. All of the trajectories were traced for 5 days back-
ward in time from BBNP (103.18°W, 29.30°N). Several
general observations resulted.

On some days, all of the trajectories are similar, and,
thus, the choices of model, input data, and even start

height are unimportant. This is more likely during the fall
than during summer. A common pattern, especially in
the summer, is that there is a directional difference be-
tween trajectories generated by different methods. Figure
1 shows examples of some of the trajectories arriving at
BBNP on July 19 and illustrates typical directional differ-
ences observed frequently during July and August. All of
the model and input data combinations had air parcels
arriving from the southeast across the Gulf of Mexico.
Among them, the ATAD trajectory with rawinsonde input

[ ATAD Rawinsonde
o ATAD Profilers

\v4 HYSPLIT FNL

(@] HYSPLIT EDAS

Figure 1. lllustration of common variations that occurred between trajectories started at the same time during July and August. This example
shows 5-day back trajectories generated by four model/input combinations beginning on July 19, 1999 at 12:00 a.m. Central Daylight Time. The
HYSPLIT trajectories were started at 100 m AGL. “ATAD Profilers” refers to ATAD with input from the standard rawinsonde network plus four

BRAVO radar wind profilers.
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arrived from the most southerly direction, whereas trajec-
tories generated by HYSPLIT using EDAS generally were
from the most northerly, and HYSPLIT with FNL or MMS5
were often between these extremes. ATAD trajectories
generated with a gridded wind field were more similar to
HYSPLIT trajectories than ATAD trajectories generated
with rawinsonde input, and CMC trajectories generated
using EDAS input also arrived from a more northerly
direction than those generated with MMS input. Another
common result is that the CMC trajectories generated
with EDAS input usually had less horizontal spread than
those generated using MMS; for example, if 20 particles
were started from BBNP at a given hour, there was less
horizontal difference between the 20 CMC back trajecto-
ries if EDAS was input than if MMS was used. This was
true even when the heights were similar. One explanation
for this is that the coarser EDAS/FNL grids resolve less of
the advection fluctuations than the MMS grid.40.41

For HYSPLIT, which requires specification of a start
height, the height differences between individual trajec-
tories started at the same height, but generated with EDAS
versus FNL can be as large as several thousand meters after
5 days. Directional differences between trajectories gener-
ated by HYSPLIT using EDAS versus FNL can occasionally
be as much as 180° and, as expected, are largest when
trajectory height differences are large, although direc-
tional differences between trajectories from different in-
put wind fields can exist even when the heights are sim-
ilar. Trajectories generated with either HYSPLIT or CMC
can reach as high as 10 km, clearly above the mixed layer
that is likely to be carrying air pollutants. An advantage of
CMC over HYSPLIT version 4.5 is that the height of the
mixed layer is known and available as output. Though
the most recent version of HYSPLIT can output the mix-
ing height and several other variables, this was not avail-
able in version 4.5. CMC estimates transport integrated
throughout the mixed layer, and ATAD does not generate
trajectories above its “transport layer” or a maximum of
~3 km, so these models are less sensitive to height.

From this simple analysis, it was apparent that there
can be significant episodic differences between the mod-
eled back trajectories depending on model and input
data. These observations are examined in a more system-
atic manner in the following section.

Study-Average Comparisons
Heights and Wind Speeds. 1t is evident from the individual
trajectories that trajectory height can have a large influ-
ence on horizontal placement, and, on average, the
greater the height, the faster the speed. This has implica-
tions for source attribution, because higher wind speeds
will tend to implicate more distant source regions. Table 3
shows the mean endpoint heights and wind speeds for all
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of the model and input data combinations. The highest
HYSPLIT trajectories were with EDAS/FNL input with the
largest data-dependant height differences at the lowest
start heights. For start heights =200 m AGL, mean trajec-
tory heights were approximately equal with either FNL or
MMS5 input, and for start heights of 1000-2000 m, all
three input data sets gave approximately equivalent
HYSPLIT trajectory heights.

Similarly, the highest trajectories from ATAD were
with EDAS/FNL or rawinsonde input. FNL or MMS5 input
gave lower ATAD trajectories. In the CMC model, EDAS/
FNL and MMS input resulted in approximately equivalent
mean heights.

A HYSPLIT start height of 500-1000 m most closely
matches the mean heights generated by ATAD and CMC,
which do more averaging within the mixed layer. Start
heights of 200 m and greater in HYSPLIT (with some
exceptions) usually resulted in mean trajectory heights
approximately equal to the start height. For lower start
heights, the mean trajectory height was not lower than
200 m with EDAS/FNL or MMS input. FNL input did
result in lower mean heights for lower start heights.

Overall Residence Times. Overall residence time (ORT),1.2.12,15
a count of the number of back trajectory endpoints or par-
ticles in each grid cell showing the predominant direction(s)
from which air masses arrived, were calculated using 0.5°
latitude by 0.5° longitude grid cells for July-October and for
several subsets of the study period using 5-day and 10-day
back trajectories generated with each model/dataset. While-
While the analysis of individual trajectories made it appar-
ent that there were occasional differences between the mod-
el/input combinations, ORT allows evaluation of the study-
average differences between trajectories.

Differences Caused by Start Heights. HYSPLIT, which does
less vertical averaging than ATAD and does not use the
random vertical movements of CMC, is the most sensitive
to start height. This is especially true if different start
heights fall within different vertical layers of the input
data. The start height needs to be situated so that trajec-
tories represent the bulk of the air movement within the
mixed layer. The average ORTs for the 4-month study
period have subtle differences for slight changes in start
heights. The lowest start heights generated a very small
fraction of endpoints in the Western United States, and
for the EDAS/FNL input there were very few end points in
Mexico west and southwest of BBNP. The fractions of end
points in these areas increase as the start heights increase.
The most different pattern is for the 2000-m start height,
which, for both EDAS/FNL and MMS, results in the most
endpoints west of BBNP in both Mexico and the United
States. Because trajectories started this high are, on average,
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Tahle 3. Mean end point heights and wind speeds for 5-day back trajectories for July to October 1999

generated by all of the model and input data combinations.

Start Height

Mean Endpoint Mean Wind

Model Input Data (m AGL) Height? (m AGL) Speed (m/sec)
ATAD Rawinsonde NA 861 5.3
Rawinsonde + BRAVO profilers NA 863 5.4
EDAS/FNL NA 859 6.2
FNL NA 591 5.9
MM5 NA 628 6.9
CMC EDAS/FNL NA 1156 6.2
MM5 NA 1164 7.0
HYSPLIT version 4.5 EDAS/FNL 10 238 46
100 364 5.0
200 447 5.3
500 706 5.8
1000 1240 6.2
2000 2617 6.9
100-1000 686 5.6
FNL 10 33 41
100 134 46
200 225 5.0
500 495 5.8
1000 1204 6.6
2000 2451 6.9
100-1000 515 5.4
MM5 10 238 5.0
100 252 5.1
200 288 5.2
500 462 5.3
1000 950 5.4
2000 2009 55
100-1000 487 5.3

Note: A HYSPLIT start height of 100—1000 refers to an average of the results from 100, 200, 500, and 1000 m start
heights. EDAS/FNL input refers to use of EDAS when available with FNL substituted for October; ®For ATAD, the
mean end point height is estimated by half the mean transport layer depth.

above the mixed layer, they were not used for additional
analyses. Also, trajectories started at 10 and 100 m were
very similar and deemed redundant. The remaining start
heights, 100, 200, 500, and 1000 m, all generate trajecto-
ries that are, on average, within the mixed layer, and
these were aggregated for source attribution analyses in
BRAVO.

Differences Caused by Input Data. ORTs for July—October
1999 generated by ATAD, using four different input data
sets, were compared. Results for the two most different
combinations are shown in Figure 2. Rawinsonde input
alone results in trajectories arriving from the most south-
erly direction. Adding any additional data, even data from
the four BRAVO profilers, caused ATAD to move the pre-
dominant wind direction more easterly, resulting in a
southeasterly as opposed to a southerly average transport
direction, with the largest easterly component being
when EDAS/FNL input was used. MMS and FNL input
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give trajectories between the southerly (rawinsonde) and
southeasterly (EDAS/FNL) extremes. The southerly bias in
ATAD with rawinsonde input is apparently caused by the
sparseness of the data in this region, so trajectories gen-
erated by this combination of model/input data for BBNP
are suspect. Although the differences are subtle, for this
receptor site they may make the difference between at-
tributing pollutants to Mexico and attributing them to
sources in the United States.

Consequences of FNL versus EDAS during October 1999. The
EDAS wind field is assumed to be superior to FNL because
of its finer horizontal, vertical, and temporal resolution.
We would like to estimate the effect of substituting FNL
for EDAS during October 1999, which was a quarter of the
BRAVO study period.

Trajectories generated by ATAD and HYSPLIT using
EDAS versus FNL input were generated for five Octobers:
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Figure 2. ORT for BBNP July to October 1999 using the ATAD
model. (a) with rawinsonde data as input; (b) with EDAS/FNL input.

1997, 1998, and 2000-2002. The EDAS trajectories were
substantially higher, sometimes twice as high on average,
as those generated using FNL. ORTs were generated for
each of the four trajectory sets and the differences com-
pared. Figure 3 shows ORT differences between pairs of
inputs for each model. The yellow-to-red colors illustrate
where EDAS-generated trajectories were more likely to
have endpoints, and the blue-to-green areas show where
FNL-generated endpoints were more likely. EDAS input
with either model was more likely to result in trajectories
from southwest of BBNP, and, with HYSPLIT, EDAS also
resulted in more trajectories from the northwest, espe-
cially Arizona. Conversely, FNL input in either model
generated more end points in East Texas and more in
Northwest Mexico. Also, consistent with the previous
analyses, lower heights were associated with fewer end-
points in the Western United States. Because some inter-
annual variability is expected, it is not possible to quan-
tify the actual differences during October 1999. However,
because October trajectories were aggregated with those

a) ATAD EDAS - ATAD FNL

from July to September, and air masses from the west
generally had low sulfate concentrations, the effect of
using FNL rather than EDAS for the BRAVO source attri-
bution of sulfate was probably not large.

Differences between Models. Another issue is how similar
are the outputs from the three models when identical
input data sets are used. Figure 4 shows the BRAVO
4-month average ORT generated by ATAD, CMC, and
HYSPLIT, all using MMS input. Similar graphs were gen-
erated for EDAS/FNL data. For both inputs, results from
ATAD and CMC were the most similar, whereas the pre-
dominant wind direction from HYSPLIT was less south-
erly and more along the Texas-Mexico border.

Qualitative Tracer Tests
Perfluorocarbon tracers®-° were released from four differ-
ent sites during the second half of the BRAVO field study:
Eagle Pass (250 km from BBNP), San Antonio (450 km),
Houston (750 km), and Northeast Texas (750 km). During
the first half of the study, three of the four tracers were
released from Eagle Pass as “timing” tracers with release
rates specified to determine transport times from Eagle
Pass to BBNP, and the fourth was released from Northeast
Texas. Several analyses can take advantage of the tracer
data to help determine the accuracy of back trajectories.
Trajectories should indicate a transport pathway between
the tracer-release site and the receptor when the tracer
concentration is high. However, this was not always the
case. All of the model and wind field combinations were
able to correctly locate the release sites at Eagle Pass and
San Antonio on the days of the highest concentrations of
tracers released there. None did well with the Northeast
Texas tracer, although CMC and HYSPLIT with MMS5
came closest. For the day with the maximum Houston
tracer, CMC with either input and ATAD with all of the
inputs except MMS5 correctly passed over the release site,
whereas HYSPLIT with either FNL or MMS input pro-
duced trajectories that were too far north. All days of high
Houston tracer concentrations were during October when
EDAS data were missing.

b) HYSPLIT EDAS — HYSPLIT FNL

1 - % of Endpoint
) Bl <007
= -0.07 t0 -0.05
- B -0.05t0-0.03
-0.03 t0 -0.01
L2 -0.01 t0 0.01
2 0.01 0 0.03
0.03 to 0.05
0.05 to 0.07
k )’7 - >0.07

Figure 3. ORT differences during Octobers 1997, 1998, and 2000—-2002. (a) ATAD/EDAS-ATAD/FNL; (b) HYSPLIT EDAS-HYSPLIT FNL.
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% of Endpoints

Figure 4. ORT s for July to October 1999 all with 36-km MMS5 input
(a) ATAD; (b) CAPITA MC; (c) HYSPLIT started at 100, 200, 500,
and 1000 m AGL.

The differences between the 4-month high-concen-
tration residence time!.212.14,15 (HRT) and the ORT for
each of the tracers were also generated. HRT is similar to
ORT, except it uses only trajectories that arrived on days
with “high” concentrations. A high concentration was
defined to be the 80th percentile or higher at BBNP. Peak
(HRT-ORT) differences should occur over the tracer re-
lease site or at least along the transport pathway between
there and the receptor. Again, there was not a single
model or a single input field that uniformly performed
better for all four of the tracers. All of the combinations
did reasonably well for Eagle Pass and San Antonio. Con-
versely, most combinations were unable to generate peak
residence time differences in the vicinity of the Northeast
Texas release site. The two combinations that did best
were ATAD with either EDAS/FNL or MMS input. For the
Houston tracer, any model with EDAS/FNL input did rea-
sonably well, and ATAD with MMS performed moderately
well. In general, when model/wind field combinations
missed the correct release site, all of the combinations
tended to miss in the same direction. For Eagle Pass, those
combinations that did less well were too southerly (or too
clockwise). For San Antonio and Houston, respectively,
the trajectories tended to either be correct or be too far to
the northwest (or too counterclockwise.)

Quantitative Tests
Two quantitative tests were used to determine how
well back trajectories could reproduce known source
attributions. BRAVO data sets that can be used for this
purpose are the perfluorocarbon tracer concentrations
apportioned to the tracer release sites and model-simu-
lated sulfate apportioned to large source regions. Both
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MMS and EDAS/FNL wind fields can be tested using the
tracers. For the simulated sulfate, only the MMS5 dataset
was tested, because that is what was used by the chemical
air quality model, and, therefore, it is the meteorological
reality for the simulation. The simulated sulfate allows
testing of trajectories for source areas beyond Texas and
for a depositing secondary pollutant. All three of the back
trajectory models were tested in both cases.

In both tests, a simple linear regression model, trajec-
tory mass balance (TrMB)¢-9.42-44 was used to apportion
the concentrations. In TrMB, the dependent variable is a
vector of daily concentrations at the receptor, and the
independent variables are the number of back trajectory
endpoints in each of several preselected source areas. Fig-
ures 5 and 6 show the source areas used for the TrMB tests
for the tracers and simulated sulfate, respectively.

Tracer. Daily total tracer concentrations were calculated
by summing the concentrations of the individual tracers
for each day during September 17-October 28, 1999 (42
days), when they were released from four different sites.
The fraction caused by each tracer is the fraction arriving
from its release site. The Northeast Texas tracer was elim-
inated, because although there were episodes when high
concentrations of this tracer were detected at BBNP, the
mean concentration was near zero.

Table 4 summarizes the results of the tracer test. Sev-
eral model and data combinations were able to reproduce
the known attributions of all of the tracers to within the
errors in the measurements and the standard errors of the
regression coefficients. These included HYSPLIT with
EDAS/ENL, CMC MMS5, ATAD MMS, and ATAD rawin-
sonde. Trajectories of 5-, 7-, and 10-day lengths were
examined, but there was little difference relative to the
duration of the trajectory; this is expected, because the
release sites are, on average, <5 days away. The worst

N

Figure 5. BBNP (M), perfluorocarbon tracer release sites () and
TrMB source areas used to model tracer concentrations.
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Figure 6. Numbered boxes are the 27 source areas used in the
TrMB regressions for sulfate. Western United States is 1-3, 6, 7, and
9; Eastern United States is 4, 5, 10, 11, 20, and 21; Texas is 8,
15-17, and 19; Mexico is 12—-14, 18, and 22—27. The black square is
BBNP.

performance was exhibited in the HYSPLIT MMS combi-
nation, which dramatically overpredicted the Eagle Pass
contribution and underpredicted San Antonio. Eagle Pass
is ~250 km southeast of BBNP, whereas San Antonio is
almost twice as distant, at ~450 km. Other poorly per-
forming combinations were ATAD EDAS/FNL and CMC
EDAS/FNL, which both overestimated the Houston con-
tribution and underestimated San Antonio. Houston is
the most distant of the three release sites at ~750 km, so
these latter combinations overestimated the most distant
source area. Based on the correlations between individual
pairs of source areas and a variance inflation testS for
multicollinearity, the problems with the underperform-
ing combinations were unrelated to collinearity between

Table 4. Results of TrMB modeling of three BRAVO

source areas. The remaining two possibilities for error are
either the tracer concentrations or the trajectories. These
and other BRAVO analyses®-? indicate that the tracer val-
ues were reasonably accurate to within their reported
uncertainties. This leaves the placement of the back tra-
jectories within Texas as the only possibility for error.
Therefore, results from this tracer evaluation suggest that
although all model and input data combinations pro-
duced trajectories that appeared adequate for qualitative
analyses, trajectories generated by HYSPLIT MMS5, CMC
EDAS/FNL, and ATAD EDAS/FNL were inadequate to
quantitatively distinguish source areas within Texas dur-
ing BRAVO.

Simulated Sulfate. Table 5 summarizes the attributions of
REMSAD-modeled sulfate®-'! to each of the four large
BRAVO source regions, the Eastern United States, the
Western United States, Texas, and Mexico, as shown in
Figure 6. Similar comparisons were not done for the
smaller individual areas, because REMSAD results for all of
them were not calculated. For purposes of this test, there
is no assertion that the simulated sulfate concentrations
or attributions from REMSAD are accurate; rather, the
approach is to determine which trajectory model can best
estimate the same sulfate concentrations and source attri-
butions as the air quality model, given that both simulations
are using the same MMS wind field. The REMSAD-simulated
source attributions explicitly include emissions, deposition,
and chemistry, whereas the trajectory-based regression
model estimates only the study-long mean influence of
these factors. The dependent variable in the trajectory-based
regressions was the simulated, not the measured sulfate.
Values within 10 percentage points of the “correct” answer

tracers at BBNP for September 17-October 28, 1999 (42

days).

Variable Eagle Pass San Antonio Houston R?
Mean Concentration (ppq) 0.155 = 0.024 0.559 = 0.081 0.062 + 0.008 NA
Mean Percent (%) 20 =4 72 = 13 81 NA
ATAD Rawinsonde 5-day 35 + 12 65 + 14 09 0.495
ATAD EDAS/FNL 5-day 16 = 8 33+9 51+9 0.708
HYSPLIT EDAS/FNL 5-day 28 + 12 67 = 13 5+9 0.640
CAPITAMC EDAS/FNL 5-day 30+9 43 + 10 27+ 8 0.721
ATAD MM5 5-day 34 =12 60 + 13 6+9 0.564
HYSPLIT MM5 5-day 82 +18 18 + 18 0 =11 0.484
CAPITAMC MM5 5-day 23 + 16 77 =19 0 =12 0.643

Note: The first three rows show the tracer release sites, the mean measured concentrations, and the percentage
of the total measured concentration attributable to each tracer. Remaining rows give the modeled percent
attributions. Those that are accurate to within the uncertainty of the measurement and standard error of the
regression coefficients are shown in bold and a larger font for easy identification.
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Table 5. Percent attributions of predicted REMSAD sulfate by TrMB for July 6 to October 28, 1999 (115 days), using MM5 winds.

Texas Mexico Eastern United Western United Mean Overpredicted Mean %
Model (%) (%) States (%) States (%) R? $0, (ng/m?) Overprediction
REMSAD (‘correct’) 18 25 46 10 1.000 0 0
CAPITAMC 5-day 19 31 39 1 0.778 —23 —1%
CAPITAMC 7-day 20 24 36 20 0.798 —-12 —1%
CAPITAMC 10-day 21 21 37 21 0.775 —-13 —1%
HYSPLIT 5-day 43 25 16 17 0.768 1 +1%
HYSPLIT 7-day 43 23 16 18 0.820 —26 —1%
HYSPLIT 10-day 46 21 19 13 0.801 —14 —1%
ATAD 5-day 25 33 36 8 0.735 —24 —1%

Note: Values in the top row are the REMSAD attributions with the boundary conditions (7%) and nonlinear components (2%) proportionally redistributed. TrMB
attributions within 10 percentage points of the REMSAD attributions are shown in larger font bold type. The last three columns are statistics comparing the TrMB

predictions to ‘observed’ (REMSAD predicted) sulfate concentrations.

are highlighted in the table. “Correct” was defined as the
REMSAD attributions with boundary conditions (7%) and
nonlinear attributions (2%) proportionally redistributed to
the remaining source areas. The best performance in terms
of matching the REMSAD and back trajectory attributions
was with the CMC MMS5 combination using 5-day trajecto-
ries, although the 7-day and 10-day trajectories were nearly
as good. ATAD MMS also attributed sulfate correctly to all
four of the source regions within 10% of the correct values.
HYSPLIT MMS was able to reproduce the correct attribu-
tions for Mexico and the Western United States but was
unable to correctly apportion sulfate from Texas and the
Eastern United States, attributing much more to Texas and
much less to the Eastern United States than REMSAD.

Lengths of 5, 7, or 10 days in CMC made little differ-
ence in the predictions except for the Western United
States, which is predicted to be the source of twice as
much sulfate with 7- or 10-day trajectories as with 5-day
lengths. This is intuitively reasonable, because air masses
rarely arrived at BBNP directly from the Western United
States but more often traversed across the Eastern United
States and/or Texas before arrival. Thus, on average, the
travel time from the Western United States was longer
than from the other large source areas.

Why is HYSPLIT not accurately reproducing the attri-
butions when it uses essentially the same input meteoro-
logical data as CMC and ATAD? A large difference be-
tween CMC and HYSPLIT occurs on September 1. This is
also the day of the highest sulfate concentration at BBNP
and, hence, is an influential point in the regression. Al-
though CMC and ATAD place most of the endpoints in
the Eastern United States on this day, HYSPLIT places
most of them in Texas. All of the trajectories have the
same general direction, but the HYSPLIT trajectories are
much lower in height and, in fact, are essentially on the
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ground. This is true even for those started at 1000 m.
Because of the lower height, they also have much lower
wind speeds and thus remain in Texas, while CMC and
ATAD trajectories extend into the Eastern United States.
Because this was an influential day, the differences in
trajectory heights on this day alone may explain why
HYSPLIT was unable to reproduce the REMSAD source
attributions. EDAS and FNL wind fields were not evalu-
ated using the method described above, because REMSAD
only used the MMS input wind fields to generate the
simulated sulfate.

Biases at Big Bend during Other Seasons
and Years
All of the analyses to this point are valid only for BBNP
during July to October 1999. Differences between models
and wind fields may be quite different during other years,
other seasons, and at other receptor sites. MMS5 data and
BRAVO wind profiler data are not readily available for
other time periods. However, it is possible to examine
differences between seasonal ORTs as generated in previ-
ous studies by ATAD and those generated by HYSPLIT and
its most readily available input data, EDAS and FNL. Fig-
ure 7 shows the ORT for each season for 1997-2002 for
each of these combinations. Winter is defined as Decem-
ber, January, and February, and so forth. For consistency,
1999 was eliminated from all of the fall analyses because
of the missing EDAS data in October 1999. For summer,
the biases of 1999 appear to be consistent with other
years. ATAD is the most southerly, HYSPLIT EDAS the
most easterly, and HYSPLIT FNL falls between the two.
During all other seasons, the major difference between
ATAD and HYSPLIT is that HYSPLIT with either EDAS or
FNL input has more trajectories arriving from the west.
This indicates that previous analyses based only on
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Figure 7. ORTSs for 1997-2002 by season and using ATAD with rawinsonde data, HYSPLIT with EDAS data, and HYSPLIT with FNL data.
HYSPLIT results include start heights of 100, 200, 500, and 1000 m AGL. Fall does not include 1999. Scale is the same as in Figures 2 and 4.

ATAD'2-15 may have underestimated the transport from
Northwestern Mexico and Arizona. Also, as in the exam-
ination of EDAS versus FNL for Octobers, the fall ORTs
again show that HYSPLIT EDAS puts more endpoints in
Arizona than HYSPLIT FNL.

Biases at Other Receptor Sites
ORT comparisons similar to those discussed above for
BBNP were also generated for Grand Canyon National
Park, AZ, and Great Smoky Mountains, TN, for an indica-
tion of whether similar differences in back trajectories
also exist for other parts of the country and whether
conclusions drawn from BRAVO can be extrapolated to

1660 Journal of the Air & Waste Management Association

other sites and seasons. Differences between model/input
sets were smallest at Great Smoky Mountains. The largest
differences at that site were in the spring when ATAD had
more trajectories arriving from the northeast than
HYSPLIT, which had more from the northwest. At Grand
Canyon, differences were small for all seasons for the
predominant wind direction (air masses from the south-
west). The largest differences were during the winter,
when ATAD was more likely to have trajectories from the
northeast, while HYSPLIT had more from the southeast.
On an annual average, HYSPLIT EDAS has more trajecto-
ries from the southeast than either HYSPLIT FNL or ATAD
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at both Grand Canyon and Great Smoky Mountains. Re-
sults for other sites are not discussed in detail here but, in
general, are different enough from the results for BBNP
that it is likely that differences between models and wind
fields in other regions may be different from what was
observed at BBNP during BRAVO.

DISCUSSION AND CONCLUSIONS
Analyses of back trajectories by several methods showed
evidence of systematic differences between the average
results of different back trajectory model and meteorolog-
ical input data combinations at BBNP during the BRAVO
field study of July to October 1999. On individual days,
especially during the fall, all of the trajectories, regardless
of model and input choices, are often similar, but for
some individual episodes, trajectories generated by differ-
ent methods can be very different, even by as much as
180°. On average, trajectories generated with EDAS data
arrived from the most easterly direction, whereas output
from ATAD with rawinsonde input generated trajectories
from the most southerly areas. Trajectories generated us-
ing MMS5 and FNL input fell between these extremes.
Most of the differences were caused by of the input me-
teorological data rather than the trajectory model, al-
though there were also some differences attributable
solely to the model when the same input data were used.
Model differences are primarily caused by the different
mechanisms used for vertical placement of the trajectories.
These findings corroborate an earlier study of trajectory ac-
curacy that also found that major factors contributing to
trajectory differences were variations in input data and in
the treatment of vertical motion by the models.46
HYSPLIT is the most sensitive to horizontal start lo-
cation, start height, and subsequent placement of indi-
vidual endpoints, because small changes in endpoint po-
sition can affect the grid cell and vertical layer for which
data are used for the next time step. Small differences in
trajectory height can sometimes result in large differences
in horizontal placement of trajectories. Differences
caused by occasional shifting of an endpoint from one
grid cell and/or horizontal layer to a neighboring one are
minimized when trajectory data are aggregated over
many start times and/or start heights. Aggregation of tra-
jectories over several nearby horizontal starting points,
although not done for BRAVO, would also help minimize
this sensitivity. Start heights in HYSPLIT affect the mean
trajectory height and, hence, mean speed. For BRAVO,
mean trajectory heights from HYSPLIT were usually ap-
proximately equal to the start height. Mean trajectory
heights from CMC and ATAD were insensitive to start
height and were approximately equivalent to those from
HYSPLIT with 500-1000-m start heights. HYSPLIT and
ATAD with EDAS/FNL input generated higher trajectories
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than with MMS input. Mean trajectory heights by CMC
were approximately the same with either MMS5 or EDAS/
FNL input. ATAD is the least sensitive to horizontal loca-
tion of the start point.

Qualitative tests of whether trajectories could cor-
rectly find four perfluorocarbon tracer release sites in
Texas were inconclusive. None of the trajectory models or
input meteorological fields was clearly superior to the
others.

A quantitative linear model was used to test the abil-
ity of different back trajectories to reproduce known
source attributions. HYSPLIT EDAS/ENL, CMC MMS,
ATAD MMS5, and ATAD with rawinsonde data were able to
approximately reproduce tracer attributions for source ar-
eas within Texas. A similar test of simulated sulfate could
only be run using MMS data. In this case, CMC MMS5 and
ATAD MMS performed better than HYSPLIT MMS.

Cursory examination of trajectory differences for
other regions and other seasons indicates that the mag-
nitude of the directional differences between the models
and wind fields is both geographically and seasonally
dependent, and the direction of these biases cannot nec-
essarily be inferred from the BRAVO data. Previous trajec-
tory-based analyses of BBNP data using ATAD with raw-
insonde input likely overestimated the impact of Mexican
sources during the summer. During other seasons, the
older studies may have underestimated transport from
Northwestern Mexico and Arizona, but emissions in those
regions are relatively low, so resulting errors in source
attribution were likely inconsequential. The summer
southerly bias by ATAD with rawinsonde input is caused
by the sparse meteorological data in this region.

DISCLAIMER

The assumptions, findings, conclusions, judgments, and
views presented herein are those of the authors and
should not be interpreted as necessarily representing of-
ficial National Park Service policies.
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